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Islands of the vast Southern Ocean host abundant endemic wildlife populations representing 
important breeding grounds for many seabirds. With contrasting geological, glacial and human-
impact histories, these islands represent strong systems for inferring evolutionary processes. 
Although penguins (Sphenisciformes) spend much of their lives at sea, most taxa require ice-
free terrain for breeding, inhabiting every major landmass and archipelago in the Southern 
Ocean. While penguins are distributed widely across sub-Antarctic and Antarctic coastlines, 
nearly a third of all taxa are endemic to geologically young islands, especially in the New 
Zealand (NZ) region. Penguins therefore represent an ideal group of seabirds with which to 
study the biogeographic and evolutionary effects of island history. This thesis extends classic 
approaches in island biology research to the Southern Ocean islands, using penguins as the 
focal system. The various analyses include evidence from near-complete mitochondrial 
genomes (mitogenomes), thousands of genome-wide single nucleotide polymorphisms (SNPs), 
together with mitochondrial cytochrome oxidase subunit 1 (COI) and control region (CR) 
sequences, generated to examine spatial and temporal evolutionary patterns across all extant 
and recently extinct taxa. First, this thesis generates a broad framework for understanding 
penguin evolution by providing the first time-calibrated phylogeny to encompass all modern 
taxa. Divergence-time estimates demonstrate that many island-endemic taxa diverged 
following the geological emergence of their natal islands. This study also provides the first 
molecular demographic analyses to encompass all sub-Antarctic and Antarctic penguin taxa. 
Genome-wide SNPs yielded signatures of concerted demographic expansions following the 
Last Glacial Maximum (LGM), suggesting taxa inhabiting islands south of the LGM sea-ice 
limit underwent rapid post-glacial expansions associated with rapid climate change. This result 
is further supported by very low population structure across entire Southern Ocean 
distributions. This thesis provides the first multi-species genetic assessment of the impacts of 
Polynesian and European arrival on NZ and Chatham Island penguin assemblages. 
Phylogenetic analyses of modern and ancient mitogenomes, together with COI and CR 
sequences, revealed the presence of two recently extinct penguin taxa from the Chatham 
Islands: Eudyptes warhami and Megadyptes antipodes richdalei, that are formally described 
here using genetic and morphological comparisons. Recent extinction of these island-endemic 
lineages was likely a direct result of human pressure. By contrast, phylogenetic and 
demographic analyses of COI and CR sequences revealed limited evidence for demographic 
reductions in NZ Eudyptes penguins, with ecological preferences possibly buffering those taxa 
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from human impacts. This thesis also provides new systematic insights for ‘extinct’ prehistoric 
penguins elsewhere, demonstrating that the so-called Hunter Island penguin is actually an 
artificial assemblage of three extant taxa. Finally, this study concludes that rockhopper 
penguins comprise three species (Eudyptes moseleyi, E. filholi and E. chrysocome), that extant 
and extinct Megadyptes penguins comprise three subspecies (M. antipodes antipodes, M. a. 
waitaha and M. a. richdalei) and that macaroni (Eudyptes chrysolophus chrysolophus) and 
royal (E. c. schlegeli) penguins are probably incipient species. Overall, this study provides a 
global assessment of recent penguin biogeography, evolution and extinction, providing a 
comprehensive basis for ongoing management and conservation of penguin biodiversity.  
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Preface 
This thesis is a synthesis of work led and undertaken by myself between December 2015 and 
June 2019. My thesis includes three articles published in international peer-reviewed journals 
and one that is currently under revision. 
My research chapters are the result of many national and international collaborations. My co-
authors contributed in many ways, and helped me connect island biology, ornithology, geology, 
climatology and archaeology with genomics, palaeontology and bioinformatics. In recognition 
that each research chapter was only made possible by the joint efforts of a team of people, the 
pronoun ‘we’ is used throughout those chapters. In addition, I have attempted to give each co-
author a representative percentage weighting of their contribution for each of my research 
chapters. 
The costs associated with my project were substantial, and were obtained over several years by 
different people. The samples studied in my project were collected from some of the most 
remote places on the planet, and in most cases, are irreplaceable. Their collection involved the 
efforts by many people. While it is difficult to calculate the exact costs involved in my study, 
my co-authors and I have instead acknowledged all of the funding and permitting sources, and 
individually recognised the people that assisted us. I apologise to anyone who may have 
unintentionally been left out. 
My interest in science as a future pathway was sparked much later than most of my peers. 
Although both my parents are scientists, I actually never considered it as a suitable option for 
myself. In fact, I distinctly remember telling my high school teacher - Mr Jones, that I had no 
intentions of ever taking a biology class again. I was determined to be a visual artist. Inspired 
by the biodiversity that surrounded me in the Adelaide Hills, I started exhibiting and selling my 
art, and started a Bachelor of Visual Arts. To extend my skills (e.g. the cover art), I briefly 
studied printmaking, glassblowing and silversmithing, and was exposed to chemistry. This is 
when I realised I needed to know more about our world and how it works. Taking a big risk, I 
left my familiar surroundings and dove into the unknown, beginning a Bachelor of Science 
degree. While science and art are often considered opposites, I have found more similarities 
than differences. Science depends on creativity; in developing new questions, troubleshooting 





Without the generous collaboration of so many people, my project would never have evolved 
into the penguin-wide and circumpolar thesis that it has become. The following five pages is 
my attempt to thank everyone for the time, support and encouragement that was given to me, 
and recognise the new friends and collaborations I have made along the way. 
I am incredibly lucky to have been supervised by Jon Waters and Janet Wilmshurst. I am 
especially grateful that you both agreed to support me, as I diverted from what would have been 
a very different life path. You made me feel welcome and valued in the New Zealand science 
community. 
I thank Jon for being an exceptional primary supervisor and mentor. You were encouraging, 
supportive, exceptionally fast at providing feedback, and gave me considered and helpful 
guidance in unfamiliar situations. I am grateful to the freedom you gave me to develop my 
research, and your confidence that I would get the job done. It is a pleasure to work with you. 
I am grateful to Tom Hart, who had intended to extend his recent penguin population genomic 
research to crested penguins, and had already collected thousands of crested penguin samples 
before I started. Tom was extremely generous, sent me all the samples, sunk a considerable 
amount of his own funding into the sequencing, and gave me the freedom to take the project in 
my own direction. Without this, my study would have been primarily restricted to New Zealand 
samples. I also thank Tom, Gemma Clucas and Jane Younger, who generated the population 
genomic datasets for Adélie, gentoo, chinstrap, king and emperor penguins. Without those 
datasets, my population study would have been restricted to just crested penguins. 
I thank Nic Rawlence, Paul Scofield, Alan Tennyson, Jamie Wood, Kieren Mitchell and Alan 
Cooper for kick-starting the prehistoric parts of my project. Nic had already sampled and 
extracted DNA from hundreds of New Zealand crested penguin specimens for his own projects, 
and Jamie and Kieren had already started genomic work on the Chatham Islands penguin 
material. I am grateful that you all let me lead those projects as part of my thesis, and I 
appreciate that you gave me the freedom to combine those projects and take them in my own 
direction. I am also grateful to Kieren and Pere Bover, who taught me how to prepare enriched 
ancient mitochondrial DNA libraries at the Australian Centre of Ancient DNA, and who also 
prepared a second DNA library and provided much-needed bioinformatics guidance. 
I am grateful to my mentor and friend, Alan Tennyson. Alan went above and beyond the normal 
role of a collaborator, devoting a lot of his own time to my projects. I was particularly impressed 
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by Alan’s careful attention to detail, and his meticulous measurements of hundreds of penguin 
bones for this project. I also thank Dan Ksepka and Daniel Thomas, for providing the fossil 
calibration points and justifications. Together, Alan, Dan and Daniel developed the majority of 
the taxonomic descriptions in this thesis, and helped make my Ph.D. journey so enjoyable.  
I thank Nic Dussex, Ludo Dutoit and Alana Alexander who helped run the demographic 
analyses. I extend special gratitude to Nic, Ludo and Alana, who assisted with many more 
analyses than they had signed up for, and whose contributions were key to several manuscripts. 
I am grateful to the collaborative nature of Guojie Zhang and Hailin Pan. Guojie and Hailin 
provided access to several new penguin mitochondrial genomes, without which my project 
would have been far less comprehensive. 
I thank Coté Frugone, who is currently undertaking a Ph.D. project on crested penguin genetics 
herself. I am glad that we collaborated rather than competed, and for me, this motivated me to 
extend my project beyond crested penguins. 
The samples used in my thesis originate from some of the most remote and inaccessible 
locations on our planet, with considerable funding having been sunk into their collection over 
many years. These samples are therefore irreplaceable and invaluable to our research 
community and I am incredibly grateful that they were offered to me for my thesis. For sample 
collection I thank Catherine Bazjak, Andy Black, Jenny Booth, Yves Cherel, Anne-Sophie 
Coquel, Richard Cuthbert, Nina Dehnhard, Ursula Ellenberg, Graeme Elliott, Mike Fawcett, 
Steven Fiddaman, Sarah Fraser, Tom Hart, Johanna Hiscock, Dave Houston, Holly Irvine, 
Alastair Judkins, Hotte Mattern, Thomas Mattern, Gary Miller, Colin Miskelly, Kyle Morrison, 
Marion Nicolaus, Paul Nolan, Sam Petersen, Michael Polito, Petra Quillfeldt, Chris Rickard, 
Peter Ryan, Paul Sagar, Paul Scofield, Adrian Smith, Alan Tennyson, David Thompson, Kath 
Walker and Barbara Wienecke, and for access to samples I thank Juan Bouzat, Emma Burns, 
Alan Cooper, Vanesa de Pietri, Andrea Faris, Brian Gill, Leo Joseph, Pierre Jouventin, Kieren 
Mitchell, Robert Palmer, Hailin Pan, Nic Rawlence, Matt Rayner, Paul Scofield, Lara 
Shepherd, Alan Tennyson, Trudi Webster, Jamie Wood, Guojie Zhang, the Museum of New 
Zealand Te Papa Tongarewa, Canterbury Museum, Auckland War Memorial Museum and 
Otago Museum. I thank all of you for trusting me to use these precious samples to their full 
potential. 
For laboratory support, I thank Nic Rawlence at the University of Otago, Karen Boot, Nic 
Bolstridge, Carina Davis, Daggi Goeke, Caroline Mitchell, Duckchul Park, Ana Podolyan, Kat 
Trought and Jamie Wood at Manaaki Whenua Landcare Research, and Pere Bover, Alan 
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Cooper and Kieren Mitchell at the University of Adelaide. I am grateful to Andrzej Kilian for 
providing advice on how to prepare modern samples for downstream sequencing. 
Analytical support was provided by Alana Alexander, Gemma Clucas, Nic Dussex, Ludo 
Dutoit, Arthur Georges, Bernd Gruber, Andrzej Kilian, Michael Knapp, Dan Ksepka, Kieren 
Mitchell, Hailin Pan, Nic Rawlence, Ben Roberts, Albert Savary, Anthony Shaw, Daniel 
Thomas, Jonathon Ung, Jamie Wood, Xander Xue and Jane Younger. I utilised the CIPRES 
Scientific Gateway and the New Zealand eScience Infrastructure for analyses. 
Written work benefited from the feedback by all co-authors and reviewers. In particular, I thank 
Nic Dussex, Ludo Dutoit, Alana Alexander, Dan Ksepka, Kieren Mitchell, Alan Tennyson, Jon 
Waters, Janet Wilmshurst and Jamie Wood, and my mum - Inge Kowanko. 
My project benefited from discussions with my supervisors, my co-authors, my advisors - 
Michael Knapp and Nic Rawlence, and Dave Ainley, Isabelle Ansorge, Luciano Beheregaray, 
Alex Boast, Chris Brauer, Frank Cross, Duncan Cunningham, Lea de Nascimento, Vanesa de 
Pietri, Ewan Fordyce, Crid Fraser, Alicia Grealy, Stef Großer, Mike Hickerson, Kealoha 
Kinney, Daphne Lee, Bill Lee, Bastien Llamas, Graeme Loh, Robin Long, Matt McGlone, 
Bruce McKinlay, Edward Mitchell, Colin Meurk, Nick Mortimer, Sandra Nogué, Robert 
Poulin, Kalinka Rexer-Huber, Marcus Richards, Sarah Richardson, Jessica Rivera-Perez, Bruce 
Robertson, Daniel Ruzzante, Anna Santure, James Scott, Neil Silverwood, Antje Steinfurth, Ian 
Smith, Paul Sunnucks, Ayla van Loenen, Trudi Webster, Lauren White, David Whitehead, Otto 
Whitehead, Kerry-Jane Wilson, Eric Woehler and Trevor Worthy. 
I am grateful to Jean-Claude Stahl and Jamie Wood for providing photographs of specimens, 
and to Sean Murtha for the incredible painting of our two newly described penguin taxa. 
I was based between the University of Otago’s Department of Zoology and Manaaki Whenua 
Landcare Research’s Long Term Ecology Lab. I thank Sue Scheele, Janet Wilmshurst and Jon 
Waters for arranging this affiliation, and the Ecosystem Resilience RPA MBIE SSIF funding 
for facility support. Important aspects of my project only ran smoothly thanks to Robyn 
Cameron, Daile Hendry, Vivienne McNaughton, Tania King and Nic Rawlence, who processed 
my orders, arranged reagents and organised postage. I am also lucky to have a fantastic network 
of friends who welcomed me into their homes when I visited for sampling, discussions or 
conferences. I thank Angela Chen and Josh Marks, Anthony and Julia Eyles, Chris Garden and 
Jen Lawn, Kat Johnson and Tristan Marks, Daphne and Bill Lee, Alice Liddell, Graeme Loh 
and Sue Maturin, Thomas Mattern and Ursula Ellenberg, Nic Rawlence and Maria Zammit, 
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Background and aims of this thesis 
General Introduction on island evolution and biogeography 
Oceanic islands represent natural laboratories for the study of evolutionary and biogeographic 
processes (Darwin, 1859; MacArthur & Wilson, 1967; Whittaker & Fernández-Palacios, 2007). 
For instance, the tectonic or volcanic emergence of young islands and archipelagos can provide 
new unoccupied niches for dispersing species to colonise, leading to subsequent adaptation and 
diversification (Fleischer et al., 1998; Gathorne-Hardy & Jones, 2000; Mendelson & Shaw, 
2005; Gillespie et al., 2012). The establishment of just a few founder individuals may ultimately 
facilitate the evolution of new taxa (Waters et al., 2013). Island biological assemblages are 
often characterised by spectacular adaptive radiations (Losos et al., 1998; Grant & Grant, 2002; 
Gillespie, 2004; Lerner et al., 2011; see Figure 1), high levels of endemism (Kier et al., 2009), 
loss of flight (McNabb, 1994), gigantism and dwarfism (Lomolino, 2005; Knapp et al., 2019). 
Isolated island populations are often descended from small founding populations, and can also 
experience rapid genetic drift, leading to relatively low levels of genetic diversity (Clegg et al., 
2002). Oceanic island assemblages are therefore vastly different to those on the continents 
(Stuart et al., 2012). Additionally, while island ecosystems comprise almost a third of the 
world’s biodiversity hotspots (Myers et al., 2000), many of these systems have been highly 
impacted by human activities, including hunting, habitat destruction, the introduction of 
predatory species and climate change (Kier et al., 2009; Nogué et al., 2017; Valente et al., 
2019). 
The vast majority of island biology research has taken place on single or localised island groups, 
with classic examples including the Galápagos (Darwin, 1859; Grant & Grant, 2002; Edgar et 
al., 2004; Parent et al., 2008; Benavides et al., 2009), Hawaiian (Wilson, 1963; Loope et al., 
1988; Gillespie, 2004; Cowie & Holland, 2006; Lerner et al., 2011; see Figure 1) and 
Macronesian (Juan et al., 2000; Emerson, 2002; Rutschmann et al., 2017) archipelagos. While 
many evolutionary and biogeographic processes acting on local island assemblages have been 
well-documented (Shaw & Gillespie, 2016), it remains unclear how such processes might scale 
up across broader spatial scales. For example, many islands in the vast Southern Ocean are 
separated by thousands of kilometres of open ocean, yet remain highly connected by strong 
winds and ocean currents, sharing cool, wet and windy climates (Bergstrom & Chown, 1999), 
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and have been suggested to represent a single circumpolar ‘Insulantarctica’ biogeographic 
province (Udvardy, 1987). Many Southern Ocean islands are geologically young (less than five 
million years old [Ma]; Hodgson et al., 2014; Moon et al., 2017). At least for highly dispersive 
species, it is conceivable that the evolutionary and biogeographic processes often demonstrated 
across local island archipelagos (e.g. founder speciation; Waters et al., 2013) may also be 
important across the Southern Ocean. However, whether this is true remains unclear. In fact, 
there remains a degree of uncertainty about the biogeographic origins of many Southern Ocean 
endemic terrestrial species (Moon et al., 2017). For example, molecular clock studies have 
suggested divergence dates for some species that are older than the age of islands on which they 
currently live (Heenan et al., 2010). Further studies are therefore needed to resolve general 
patterns about how terrestrial species disperse and evolve throughout the Southern Ocean. 
 
Figure 1. Island formation and isolation plays a key role in biological diversification. For instance, the 
adaptive radiation of Hawaiian honeycreepers evolved following the emergence of Kauai Island and 
Niihau Island, with subsequent diversification events occurring after Oahu Island, Maui-Nui Island and 
Hawaii Island emerged. Each species evolved a distinctive beak morphology to exploit specific fruits, 
insects and nectar present on particular islands. The phylogenetic tree is adapted from Lerner et al. 
(2011) and is based on mitogenomes. The three calibration points are based on the geological age of 
islands, and are marked with a black ellipse. Island ages are marked below the scale bar. Note 
Chlorodrepanis virens encompasses two subspecies, but only one illustration is shown.  
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The Southern Ocean 
While the high-latitude Northern Hemisphere Arctic Ocean is largely surrounded by land, the 
vast (and relatively unexplored) Southern Ocean completely rings the entire Antarctic continent 
(Fraser et al., 2011; see Figure 2). The distinctive circumpolar flow of the Southern Ocean 
formed approximately 30 million years ago (mya) when Antarctica and South America 
separated, leading to the formation of Drake Passage and the world’s strongest surface current, 
the Antarctic Circumpolar Current (ACC; Barker & Burrell, 1977). Unimpeded by any major 
land mass, the Southern Ocean is characterised by persistent westerly (eastward) winds and 
currents. While the Antarctic Polar Front (APF) encircles Antarctica, cold northward-flowing 
Antarctic waters mix and sink beneath the relatively warmer sub-Antarctic waters, driving 
upwelling (Armour et al., 2016). Upwelling creates zones high in nutrients, supporting 
abundant marine life (Holm-Hansen, 1985), including phytoplankton, krill, squid, fish, whales, 
seals, seabirds and penguins. The importance of the Southern Ocean therefore has a critical 
influence on global climate and biodiversity, due to its storage and distribution of heat, carbon, 
oxygen and nutrients, coupled with its connection to the Pacific, Indian and Atlantic Oceans 
(Marshall & Speer, 2012; see Figure 2). 
While the exact definition of the Southern Ocean remains controversial, it is herein used broadly 
and inclusively to refer to the entire body of water surrounding the Antarctic continent (Figure 
2), including the extensive current systems that bring cold water northward to the coastal 
environments of southern Africa, southern Australia, southern New Zealand and southern South 
America. Dotted throughout the vast Southern Ocean are dozens of volcanic and tectonic island 
archipelagos (Figure 2). While these islands are geographically isolated from the southern 
continents of Australia, Africa, South America and Antarctica, they host abundant endemic 
biota (Chown et al., 1998) and represent important nesting grounds for a large proportion of 
the world’s seabird diversity (Bost et al., 2009; Woehler et al., 2011), including albatrosses, 
petrels, skuas, gulls, terns and penguins (Onley & Scofield, 2008; see Figure 2). With 
contrasting geological and climate histories, combined with recent anthropogenic impacts, 
these Southern Ocean islands are natural laboratories for studying evolutionary and 
biogeographic processes across a vast circumpolar scale. 
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Figure 2. The Southern Ocean is critical for the world’s biodiversity and climate. The maps are adapted 
from Earth (https://earth.nullschool.net) and are based on average sea surface temperatures during 
the Southern Hemisphere winter equinox (June 22, 2018). Water south of the Antarctic Polar Front 
(APF; lilac) is approximately -2°C; water south of the Subtropical Front (STF; aqua) is approximately 
8°C, and water north of the STF (blue) is approximately 20°C. Tropical water (pink) is approximately 
28°C. The eastwards Antarctic Circumpolar Current (ACC) is shown. Southern Ocean islands are 
marked. Some representative species from 13 avian families that inhabit islands in the Southern Ocean 
are illustrated, from left to right; Bounty Islands shag (Phalacrocorax ranfurlyi; Phalacrocoracidae), 
common diving petrel (Pelecanoides urinatrix; Procellariidae), Antarctic snowy sheathbill (Chionis 
albus; Chionidae), Antipodes Islands parakeet (Cyanoramphus unicolor; Psittacidae), Wilson’s storm 
petrel (Oceanites oceanicus; Oceanitidae), wandering albatross (Diomedea exulans; Diomedeidae), 
Humboldt penguin (Spheniscus humboldti; Spheniscidae), Antarctic skua (Catharacta antarctica; 
Stercorariidae), Auckland Islands tomtit (Petroica macrocephala marrineri; Petroicidae), Antarctic tern 
(Sterna vittata; Laridae), Auckland Islands snipe (Coenocorypha aucklandica aucklandica; 
Scolopacidae), fairy prion (Pachyptila turtur; Procellariidae), Auckland Islands teal (Anas aucklandica; 
Anatidae) and Auckland Islands rail (Lewinia muelleri; Rallidae). 
Biological colonisation and diversification on Southern Ocean islands 
In contrast to the Southern Hemisphere’s ancient ‘Gondwanan’ continents, many of the 
Southern Ocean islands have relatively recent geological histories, emerging only during the 
last five million years or so, as a result of tectonic or volcanic activity (McDougall & Ollier, 
1982; Maund et al., 1988; Paulay, 1994; Adamson et al., 1996; Campbell et al., 2008; Scott & 
Turnbull, 2019). Soon after emergence, isolated islands can be rapidly colonised by diverse 
dispersing taxa, which together form new ecosystems, creating new opportunities for local 
adaptation and evolutionary diversification (Fleischer et al., 1998; Garthorne-Hardy & Jones, 
2000; Mendelson & Shaw, 2005; Gillsepie et al., 2012). For example, the young 300 thousand 
year old (Ka) New Zealand Antipodes Islands (Scott & Turnbull, 2019) provides nesting 
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grounds for several locally endemic species, including the Antipodes Islands parakeet 
(Cyanoramphus unicolor), Reischek’s parakeet (C. hochstetteri), the largely flightless 
Antipodes Island snipe (Coenocorypha aucklandica meinertzhagenae) and the majority of the 
nesting grounds for the erect-crested penguin (Eudyptes sclateri). Similarly, the young (three 
million year old) New Zealand Chatham Islands provide the only nesting grounds for many 
bird species, including the black robin (Petroica traversi), Forbes’ parakeet (Cyanoramphus 
forbesi), Chatham snipe (Coenocorypha pusilla) and Chatham albatross (Thalassarche 
eremita), and until recently was home to at least 22 taxa that are now extinct (Tennyson & 
Millener, 1994). While past studies on endemic Chatham Island plants (Heenan et al., 2010), 
and the extinct Chatham duck (Anas chathamica; Mitchell et al., 2014a) and Chatham kaka 
(Nestor chathamensis; Wood et al., 2014) have hinted that the uplift of the Chatham Islands 
may have potentially played a role in species diversification, it remains conceivable that recent, 
circumpolar island emergence has played a key role in the evolutionary diversification of other 
endemic Southern Ocean species. These Southern Ocean situations potentially mirror well-
studied examples of island diversification in northern latititudes, such as the Galápagos and 
Hawaiian archipelagos (see Figure 1). 
While many Southern Ocean islands are young, all were dramatically impacted by Quaternary 
inter-glacial and post-glacial climate fluctuations during the last two and a half million years 
(Hodgson et al., 2014), resulting in sea-level changes and sometimes glaciation, especially 
during the Last Glacial Maximum (LGM; 18 – 25 thousand years ago [kya]; Jouzel et al., 2007; 
Hodgson et al., 2014). The biological impacts of such climatic changes can be substantial. For 
example, numerous studies have suggested that during inter-glacial periods, many cold-adapted 
species retreat to mid-latitude refugia, and subsequently expand towards the poles during inter-
glacial periods (Fraser et al., 2011). Such shifts may lead to dramatic changes in both population 
size and biogeographic range (Cristofari et al., 2018). While post-LGM population expansions 
have been extensively studied in Northern Hemisphere biota (Parmesan & Yohe, 2003), they 
remain relatively poorly understood in Southern Ocean ecosystems. The LGM saw extensive 
glacial and sea-ice south of the Southern Hemisphere’s Subtropical Front (STF; Gersonde et 
al., 2005; Esper & Gersonde, 2014), presumably leading to the extirpation of many Antarctic 
and sub-Antarctic terrestrial and marine populations, as coastal habitat was replaced by ice, and 
previously abundant food sources disappeared (de Bruyn et al., 2009; Fraser et al., 2011). 
Species with high dispersal ability presumably avoided extinction by moving to refugial regions 
in higher altitudes, or by moving away from the polar regions to mid-latitude refugia (Hewitt, 
2004; Fraser et al., 2009; Fraser et al., 2012; Younger et al., 2015a; Younger et al., 2015b), 
while some species with cold thermal tolerance may have survived very locally south of the 
Chapter 1 6 
STF in isolated ecosystems hosted by polynyas (open water surrounded by sea ice), e.g. king 
(Aptenodytes patagonicus) and Adélie penguins (Pygoscelis adeliae) in the Ross sea (Brambati 
et al., 2002; Thatje et al., 2008; Younger et al., 2015c; Clucas et al., 2016; Emslie et al., 2018). 
While polar regions became heavily glaciated, landmasses further north experienced lower sea 
levels by approximately 120 – 135 metres (Clark & Mix, 2002), which may have created new 
opportunities for the establishment of northward-dispersing refugia, which were then able to 
persist locally. Following the LGM, global climate warmed once again, high-latutude Southern 
Ocean islands became de-glaciated, and sea-levels rose. Those high-latitude Southern Ocean 
islands became habitable once again and refugial populations of cold-adapted species moved 
back towards the southern regions (Fraser et al., 2011). It is therefore conceivable that the 
widespread distributions of many Southern Ocean species may have been promoted by 
relatively recent post-LGM warming, facilitating circumpolar dispersal into southern regions 
freed from ice (Nikula et al., 2010; see also Figure 3). For example, multiple islands and 
coastlines south of the STF provide breeding grounds for widespread albatrosses (Diomedea, 
Thalassarche, Phoebetria genera), petrels (Macronectes, Thalassoica, Daption, Pagodroma, 
Procellaria genera), fulmars (Fulmarus), prions (Pachyptila) and penguins (Eudyptes, 
Pygoscelis and Aptenodytes genera). Nevertheless, the few studies that have directly explored 
post-glacial population expansions in Southern Ocean fauna have revealed contrasting patterns 
(de Bruyn et al., 2009; Li et al., 2014; Trucchi et al., 2014; Younger et al., 2015a; Younger et 
al., 2015c; Younger et al., 2016; Corrigan et al., 2016; Cristofari et al., 2016; Cristofari et al., 
2018; Frugone et al., 2018; Carrea et al., 2019; Chau et al., 2019). 
 
Figure 3. Southern Ocean species exhibit contrasting patterns of genetic structure. A) has been 
adapted from Fraser et al. (2009), and shows southern bull-kelp (Durvillaea antarctica) haplotypes 
based on COI. Islands south of the Subtropical Front (STF) are genetically homogeneous (shown in red). 
B) is adapted from Rexer-Huber (2017), and shows white-chinned petrel (Procellaria aequinoctialis) 
structure plots based on SNPs. Three evolutionary significant units are visible (shown in red/orange, 
blue and green) and correspond to different geographical regions. The grey surrounding Antarctica 
shows contemporary summer sea-ice. 
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Until only the last few hundred years, most isolated Southern Ocean island ecosystems have 
remained free from the impacts of humans. New Zealand (NZ) provides an excellent case study 
of the impacts of human arrival on island ecosystems (Waters et al., 2017; Valente et al., 2019). 
Human arrival to temperate NZ over the last 780 years (Wilmshurst et al., 2008; Wilmshurst et 
al., 2011) caused considerable ecological transformations (Seersholm et al., 2018). In temperate 
NZ and the nearby Chatham Islands, for example, more than 61 avian extinctions have been 
documented (Tennyson & Martinson, 2007; Boessenkool et al., 2008; Wood et al., 2014), with 
evidence for rapid extinction and re-colonisation (see Figure 4; Trewick & Worthy, 2001; 
Boessenkool et al., 2008; Collins et al., 2014a; Rawlence et al., 2015a; Grosser et al., 2016; 
Rawlence et al., 2017a), together with range reductions detected in persisting species; e.g. kea 
(Nestor notabilis; Dussex et al., 2015), NZ sea lions (Phocarctos; Rawlence et al., 2016), fur 
seals (Arctocephalus; Salis et al., 2016), brown teals (Anas chlorotis; Cole & Wood, 2017a) 
and shags (Leucocarbo; Rawlence et al., 2017b). 
 
Figure 4. Rapid extinction and recolonisation events in NZ have been uncovered in high dispersal taxa. 
Examples include yellow-eyed penguins (Megadyptes; Boessenkool et al., 2008; Rawlence et al., 
2015a) and NZ sea lions (Phocarctos; Collins et al., 2014a), which recolonised the NZ South Island from 
sub-Antarctic lineages, and little penguins (Eudyptula; Grosser et al., 2016), black swans (Cygnus; 
Rawlence et al., 2017a), and swamphens (Porphyrio; Trewick & Worthy, 2001) which recolonised NZ 
from Australian lineages. Extinct taxa or lineages are shown in black. Note the NZ little-blue penguin 
(Eudyptula minor) still occurs throughout much of NZ, but the Otago coastline was replaced by the 
Australian fairy penguin (E. novaehollandiae) following local extinction of E. minor. 
Chapter 1 8 
Threats to Southern Ocean ecosystems 
Since their discovery by humans, many Southern Ocean islands have lost substantial 
biodiversity (Worthy & Holdaway, 2002; Frenot et al., 2004; Tennyson & Martinson, 2007; 
Seersholm et al., 2018). In the 1800s, seal, whale and penguin populations on many sub-
Antarctic islands were heavily exploited (Falla, 1962; Convey & Lebouvier, 2009; Hofman, 
2017), particularly those with permanent settlements, e.g. Kerguelen, Amsterdam Island, 
Tristan da Cunha, Macquarie Island and Falkland Islands (Armstrong, 1994; Convey & 
Lebouvier, 2009). Farming of cattle (Bos taurus), sheep (Ovis aries) and goats (Capra spp.) 
has also caused significant damage to Southern Ocean island ecosystems. 
All Southern Ocean islands have some degree of national legal protection (de Villiers et al., 
2006). However, commercial fishing, the introduction of plants, insects, birds and mammalian 
predators, e.g. stoats (Mustela erminea), cats (Felis cattus) and rats (Rattus spp.), habitat 
fragmentation, pollution and global climate change continue to threaten many Southern Ocean 
island ecosystems (Bergstrom & Chown, 1999; Frenot et al., 2001; Gaston et al., 2003; de 
Villiers et al., 2006; Angel et al., 2008; Forcada & Trathan, 2009; Keogan et al., 2018; Mattern 
& Wilson, 2018). Southern Ocean islands therefore require urgent conservation management 
strategies.  
Biogeography of Southern Ocean penguins 
A crucial step towards developing ecosystem-wide conservation priorities in the Southern 
Ocean is to understand the dynamic histories of endemic biota, in light of major geological, 
climatic and anthropogenic events. The Southern Ocean hosts numerous ecologically important 
species, from the keystone Antarctic krill (Euphausia superba) to the top marine predators of 
seals, whales, seabirds, and penguins (Bergstrom & Chown, 1999). Seabirds are sentinels of 
environmental change in the Southern Ocean (Boersma, 2008), with their health intrinsically 
linked to the health of marine environments (Burger & Gochfeld, 2004). One way to determine 
the histories of Southern Ocean taxa is to understand historical and contemporary population 
connectivity. Past studies have revealed contrasting patterns in population connectivity within 
widespread seabird species, with white-chinned petrels (Procellaria aequinoctialis) and gentoo 
penguins (Pygoscelis papua) clustering into different groups according to their breeding 
locality (Clucas et al., 2014; Levy et al., 2016; Vianna et al., 2017; Clucas et al., 2018; Rexer-
Huber et al., in press), and other species, such as Aptenodytes patagonicus, emperor penguins 
(Aptenodytes forsteri) and macaroni penguins (Eudyptes chrysolophus chrysolophus) 
exhibiting relatively homogeneous population connectivity across their entire distribution 
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(Clucas et al., 2016; Younger et al., 2017; Clucas et al., 2018; Cristofari et al., 2017; Cristofari 
et al., 2018; Frugone et al., 2018; Frugone et al., 2019). 
Although penguins spend much of their lives at sea, most species are tied to natal landmasses 
to breed. Penguins inhabit every major coastline in the Southern Hemisphere and almost every 
island archipelago in the Southern Ocean (Figure 5), ranging from the diverse environments of 
the Galápagos archipelago, oceanic-temperate forests of NZ, rocky coastlines of the sub-
Antarctic islands and the sea-ice around coastal Antarctica. Approximately 20 extant species 
are recognised across six well defined genera (Aptenodytes, Pygoscelis, Eudyptula, Spheniscus, 
Megadyptes and Eudyptes; see Figures 5 – 6), with some disagreement among the species 
boundaries of closely related crested penguin (Eudyptes) species (Christidis and Boles, 2008; 
Frugone et al., 2018; Mattern & Wilson, 2018; Frugone et al., 2019; Mays et al., in press). 
 
Figure 5. Breeding distributions of extant penguin taxa. Maps are adapted from Ramos et al. (2018) 
and the figure is adapted from Pan et al. (in press). GAL: Galápagos Islands; FAL: Falkland Islands; SG: 
South Georgia; SS: South Sandwich Islands; SO: South Orkney Islands; BOU: Bouvet; GOU: Gough 
Island; TDC: Tristan da Cunha; PEI: Prince Edward Islands; CRZ: Crozet Islands; KER: Kerguelen Islands; 
HEA: Heard Island; AMS: Amsterdam and St Paul Islands; MAC: Macquarie Island; CAM: Campbell 
Island; SNA: Snares; AUC: Auckland Islands; ANT: Antipodes Islands; CHA: Chatham Islands; NZ: New 
Zealand. 
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The group has a rich fossil record, extending back more than 60 million years, with more than 
50 extinct penguins documented (Slack et al., 2006). Many fossil penguins were tall giants 
(Mayr et al., 2017; Richards, 2019), rivalling even the largest extant Aptenodytes forsteri (see 
Figure 6). While many penguin taxa are distributed widely across circumpolar sub-Antarctic 
and Antarctic coastlines, e.g. Aptenodytes patagonicus, A. forsteri, Pygoscelis adeliae, P. 
papua, Eudyptes chrysolophus chrysolophus and eastern rockhopper (E. filholi), nearly a third 
of all penguin taxa are endemic to geologically young island archipelagos, e.g. Fiordland-
crested (E. pachyrhynchus), Snares-crested (E. robustus), royal (E. c. schlegeli) and Galápagos 
penguin (Spheniscus mendiculus). Penguins therefore, are an ideal group of animals to study 
how geology, glaciology and human arrival on Southern Ocean islands may have shaped their 
recent evolution and biogeography. 
Past studies of penguins 
Over the past two decades, there have been a number of phylogenetic studies aimed at 
understanding the ancestral relationships among extant and fossil penguins, or to infer the 
drivers and timing of their evolution (e.g. Baker et al., 2006; Gavryushkina et al., 2017; Pan et 
al., in press). Past studies mostly used morphological characters, behaviour or short genetic 
sequences, singularly or in combination. Previous studies suggested that the most recent 
common ancestor of crown penguins lived approximately 16 – 50 million years ago (Baker et 
al., 2006; Ksepka & Clarke, 2010; Ksepka et al., 2012; Subramanian et al., 2013). Most 
recently, Gavryushkina et al. (2017) demonstrated that modern penguins may have radiated 
much more recently than previously estimated, with the basal divergence in the crown clade 
occurring around 13 million years ago, and most splits leading to extant species occurring only 
in the past two million years. Previous studies invoked circumpolar ocean currents (Ksepka et 
al., 2006; de Dinechin et al., 2009) or Antarctic cooling (Baker et al., 2006) as key drivers of 
evolution, while vicariance (Park et al., 2016), ocean currents (Clucas et al., 2018; Frugone et 
al., 2018) and glaciation (Clucas et al., 2014) are considered drivers of modern biogeographic 
patterns. 
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Figure 6. Phylogenetic tree of extant and extinct penguins. The phylogeny (adapted from Gavryushkina 
et al. 2017) is based on the maximum sampled-ancestor clade credibility tree, which uses 202 
morphological data characters across extant and fossil taxa, and five mitochondrial and nuclear 
markers (12S, 16S, COI, cytb and RAG1) for extant taxa. Extant taxa are coloured. 
A number of recent studies have used multi-locus genetic or genomic approaches to explore 
possible relationships within different penguin taxa, or demographic changes over recent 
Millennia. Most Southern Ocean penguins have now been studied to some level of detail, with 
the vast majority of taxa exhibiting very limited gene flow across entire distributions; e.g. 
Aptenodytes (Younger et al., 2015a; Clucas et al., 2016; Cristofari et al., 2016; Younger et al., 
2017; Cristofari et al., 2018), Pygoscelis (Clucas et al., 2014; Pena et al., 2014; Levy et al., 
2016; Vianna et al., 2017; Clucas et al., 2018; Mura-Jornet et al., 2018), Eudyptes (Frugone et 
al., 2018; Frugone et al., 2019), Megadyptes (Boessenkool et al., 2008; Boessenkool et al., 
2009; Boessenkool et al., 2010; Lopes & Boessenkool, 2010), Eudyptula (Overeem et al., 2008; 
Peucker et al., 2009; Burridge et al., 2015; Grosser et al., 2015; Grosser et al., 2016) and 
Spheniscus (Nims et al., 2008; Bouzat et al., 2009; Schlosser et al., 2009; Dantas et al., 2018). 
By contrast, biogeographical patterns in divergent Pygoscelis papua populations have been 
linked to glacial isolation or ocean currents (Clucas et al., 2014; Clucas et al., 2018), which 
may have resulted in reduced gene flow and phylogeographical structure. 
Penguin systematics and biodiversity change 
While several recent studies have examined the evolution and demographic histories of 
individual penguin taxa (see above), substantial gaps in our knowledge still exist, and no 
previous study has attempted to provide a major, large-scale synthesis of such histories. 
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Although penguins are an iconic and relatively well studied seabird assemblage, several new 
taxa have been recently recognised, including both extant and extinct lineages. For example, 
phylogenetic analyses of subfossil Megadyptes penguins from the NZ South Island revealed a 
cryptic extinction event, where the Waitaha penguin (M. waitaha) was most likely rapidly 
hunted to extinction, only to be replaced by the extant yellow-eyed penguin (M. antipodes) 
(Boessenkool et al., 2008). Similarly, Eudyptula penguins also comprise two species; the NZ 
little blue penguin  (E. minor) and the Australian fairy penguin (E. novaehollandiae) (Grosser 
et al., 2017), while the taxonomic boundaries between extant Eudyptes penguins, particularly 
between E. chrysolophus chrysolophus/E. c. schlegeli, the western/eastern/northern rockhopper 
penguins (E. chrysocome/E. filholi/E. moseleyi) and E. pachyrhynchus/E. robustus remain 
contested (Christidis & Boles, 2008; Frugone et al., 2018; Mattern & Wilson, 2018; Frugone et 
al., 2019; Mays et al., in press). Further, the relationships between an undescribed extinct 
Eudyptes penguin from the NZ Chatham Islands (Tennyson & Millener, 1994; Millener, 1999), 
and the taxonomy of the extinct Hunter Island penguin (Tasidyptes hunteri) from Tasmania 
(van Tets & O’Connor, 1983) still remain unresolved or contested (Park & Fitzgerald, 2012). 
Crucially, no previous analysis has considered all of these modern (including recently extinct) 
penguin taxa under a single phylogenetic framework. Similarly, most past phylogenetic 
approaches have relied primarily on morphology and/or short genetic sequences (e.g. 
Gavryushkina et al., 2017; Figure 6). We are now in the era of Next Generation Sequencing 
(NGS) and it is readily achievable to obtain whole mitochondrial genomes from extant and 
extinct taxa. Recent developments to bioinformatics platforms also enable us to better 
understand divergence events. For example, incorporating fossil-calibrated points, based on the 
geological and fossil record into a phylogenetic tree can provide direct estimates of when 
modern penguin clades may have diverged (Gavryushkina et al., 2017). As the phylogenetic 
interpretation of some of these potential calibration points has recently been re-considered 
(Degrange et al., 2018) or remain contentious, questions remain over the accuracy of recently 
dated penguin phylogenies (e.g. Gavryushkina et al., 2017; Frugone et al., 2018). As noted 
above, new discoveries, tools and data provide new opportunities to resolve and understand the 
timeframe of penguin cladogenesis. 
Barriers to gene flow 
Past population genetic studies have attempted to infer possible barriers to gene flow within 
single penguin taxa in the Southern Ocean. Several studies have sequenced thousands of single 
nucleotide polymorphisms across all Pygoscelis and Aptenodytes species (Clucas et al., 2016; 
Cristofari et al., 2016; Younger et al., 2017; Cristofari et al., 2018; Clucas et al., 2018). In 
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contrast, for Eudyptes, the only remaining widespread genus, just E. chrysolophus chrysolophus 
and E. c. schlegeli have been explored under a population genomic framework (Frugone et al., 
2019), whereas the only other existing population genetic dataset for Eudyptes uses short 
sequences (Frugone et al., 2018), and is limited to only five of the eight recognised taxa. Most 
past studies focussed on ocean currents and the presence of the STF and APF as barriers to gene 
flow, arguing that these oceanographic features may have promoted lineage and species 
diversification in penguins, particularly within Pygoscelis papua (Clucas et al., 2018) and 
possibly for Eudyptes moseleyi/E. filholi/E. chrysocome (de Dinechin et al., 2009; Frugone et 
al., 2018) and E. chrysolophus chrysolophus/E. c. schlegeli (Frugone et al., 2018). 
Population responses to global change 
Several recent studies used multilocus genetic data to infer population genetic parameters and 
demographic histories within single penguin lineages (Clucas et al., 2014, Li et al., 2014; Pena 
et al., 2014; Younger et al., 2015a; Younger et al., 2015b; Clucas et al., 2016; Cristofari et al., 
2016; Cristofari et al., 2018; Frugone et al., 2018; Dantas et al., 2019). By contrast, no study 
has yet attempted to present a multi-taxon synthesis of such data to test for the generality of 
such phenomena. A key goal in evolution and ecology should be to test for repeated responses 
of multiple taxa to ecosystem-wide change, to see whether such biological shifts are concerted 
or idiosyncratic (Wu, 2006; Smith et al., 2011; Marske et al., 2013). A multi-taxon 
demographic analysis is therefore crucial to help inform our understanding of key processes 
shaping the biodiversity and distribution of penguins in this rapidly warming part of the world 
(Thompson & Solomon, 2002). 
Human-driven shifts in penguin biodiversity 
New Zealand and its five sub-Antarctic islands (The Snares/Western Chain, Auckland Islands, 
Antipodes/Bounty Islands, Campbell Island, Chatham Islands) represent a notable hotspot for 
penguin diversity, with breeding colonies of seven extant species present across this region. 
Additionally, recent data suggest that prehistoric levels of penguin diversity may have been 
substantially higher in NZ, with several recent ancient DNA studies demonstrating human-
driven shifts in the diversity of Megadyptes and Eudyptula penguins (see Figure 4). By contrast, 
comparatively little is known about the recent histories of the region’s four Eudyptes species 
(E. sclateri, E. robustus, E. pachyrhynchus, E. filholi), three of which are endemic, or the 
possibility of additional recently extinct Eudyptes taxa (Tennyson & Millener, 1994; Millener, 
1999). While E. pachyrhynchus is locally endemic to the oceanic-temperate forests on the west 
coast of the NZ South Island, the impacts of human arrival on demographic trends, range 
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contractions, or local species extinctions over the past several hundred years has never been 
explored under a molecular framework. It remains possible that the biogeographic ranges of 
sub-Antarctic Eudyptes penguins may have been more extensive than they are today (Worthy, 
1997). 
To date no study has expanded beyond the classic biogeographical and evolutionary examples 
for local island archipelagos, or indeed, explored how different Southern Ocean archipelagos 
may relate to each other over a circumpolar scale. Penguins provide an excellent model system 
to understand how the past histories of Southern Ocean islands may have shaped their recent 
evolution and biogeography. While penguins have the most extensive fossil record compared 
to any other Southern Ocean avian family, the resolution of the fossil record and genetic 
information independently from one another cannot be used to address all relationships within 
and between species. Clarifying these relationships in a comparative framework can provide 
new clues on how dynamic histories of Southern Ocean islands may be linked to penguin 
evolution and biogeography. The most appropriate way to do this is by using powerful 
mitochondrial and nuclear molecular approaches, in combination with fossil, geological and 
climate record data. 
Genomic techniques as tools for studying penguin evolution 
Every vertebrate contains genetic information for two genomes; a mitochondrial genome 
(mitogenome) and a nuclear genome. The haploid mitogenome is inherited through the maternal 
line, and is a powerful molecular marker of phylogenetic relationships among taxa (Moore & 
DeFilippis, 1997; Zink & Barrowclough, 2008), given its lack of recombination. While some 
studies are beginning to reconstruct species inter-relationships based on genome-wide nuclear 
data (e.g. Jarvis et al., 2014; Zhang et al., 2014a; Zhang et al., 2014b; Zhang et al., 2014c; 
Jarvis et al., 2015; Zhang, 2015; Kimball et al., 2019; Oliveros et al., 2019; Pan et al., in press), 
many studies rely on mitochondrial DNA (mtDNA) sequences to resolve phylogenies, 
especially when incorporating degraded ancient DNA (aDNA) data from recently extinct 
species. 
Ancient DNA is the term used to describe genetic material preserved in degraded post-mortem 
biological remains. DNA extracted from ancient specimens is typically characterised by short 
fragment lengths and exogenous DNA from bacteria and other environmental sources (Knapp 
et al., 2012). Endogenous DNA is at such a low concentration that DNA extractions and pre-
amplification steps must be undertaken in an ultra-clean environment to avoid contamination 
(Cooper & Poinar, 2000; Gilbert et al., 2005; Knapp et al., 2012; Skoglund et al., 2014). Many 
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studies are typically forced to use polymerase chain reaction (PCR) followed by Sanger 
sequencing to amplify aDNA in short fragments, usually about 100 base pairs (bp). Therefore, 
the majority of ancestral relationships that use aDNA have been studied using short fragments 
of mtDNA, such as the slow-evolving Cytochrome Oxidase subunit 1 (COI) region (for 
phylogenetic studies) or the high-mutating Control Region (CR) (for population-genetic 
studies). In the mid-2000s, aDNA research was boosted by the development of NGS 
technologies, which enabled sequencing of much larger aDNA libraries for a range of 
applications, including palaeogenomics, metagenomics and metabarcoding (Murray et al., 
2013; Grealy et al., 2015; Heintzman et al., 2015; Slon et al., 2017; Seersholm et al., 2018; see 
also Cole & Wood, 2017b). Methods for efficiently retrieving very short DNA fragments (e.g. 
Dabney et al., 2013), and techniques such as hybridisation capture, which can enrich DNA 
libraries from a species of interest across an entire conserved mitogenome (e.g. Mitchell et al., 
2014b) have been developed to maximise the potential of aDNA in the absence of a reference 
mitogenome. While some recent aDNA studies have successfully sequenced nuclear DNA from 
well-preserved specimens (Green et al., 2006; Noonan et al., 2006; Miller et al., 2008; Prüfer 
et al., 2014; Meyer et al., 2016; Dussex et al., 2019), conserved mtDNA (such as COI and 
mitogenomes) still remains a marker of choice for phylogenetic analyses of ancient specimens 
(e.g. Mitchell et al., 2014a; Mitchell et al., 2014b; Wood et al., 2014; Scofield et al., 2017; 
Boast et al., 2019; Knapp et al., 2019; Grealy et al., 2019). The rapid evolutionary rate of the 
CR makes it a good marker for recovering recent demographic history of populations and 
population structure in ancient specimens (e.g. Baker & Marshall, 1997; Dussex et al., 2015; 
Rawlence et al., 2015b; Rawlence et al., 2017a; Rawlence et al., 2017b). 
Reduced representation sequencing of modern specimens can also be used to identify hundreds 
of thousands of single nucleotide polymorphisms (SNPs) in species without advanced genomic 
resources such as a reference genome (Baird et al., 2008). There are now a number of variations 
on the original method (reviewed in Andrews et al., 2016), but all rely on restriction enzymes 
to target conserved restruction enzyme cut sites at specific regions throughout the genome. This 
allows the same subset of the genome to be sequenced across tens to hundreds of individuals, 
and has now been adopted as the preferred method for conducting population genomic research 
in modern wild populations (Davey & Blaxter, 2010; Pimm et al., 2015; Allendorf, 2016), 
compared to previous microsatellite techniques (e.g. Moodley et al., 2015; Cole et al., 2016). 
Restriction sites can occur in both coding and non-coding regions of the genome, and will often 
be conserved across closely related taxa, which enables the sequence data to be used to answer 
a variety of evolutionary and demographic questions (Morin et al., 2004). 
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Aims and outline of this thesis 
This thesis travels through time, spanning almost 20 million years of penguin evolution. 
Broadly, the aim of this thesis is to understand whether classic patterns of island evolution and 
biogeography extend to the islands in the circumpolar and vast Southern Ocean. While many 
penguin species are endemic to geologically young islands, other species are widespread, 
inhabiting islands with dynamic glacial or human colonisation histories. Given the large number 
of extant penguin species, combined with their extensive fossil record, this clade provides an 
excellent study system with which to assess how the history of islands have impacted biological 
diversification, biogeography and responses to environmental change. 
This thesis is structured into four main research chapters. Each research chapter tests for 
possible links between the dynamic histories of Southern Ocean islands and the evolution of 
penguins. Taken together, these research chapters examine penguin evolution over temporal 
scales ranging from ancient to modern and spanning key geological, climatic and anthropogenic 
events and processes. The broad hypotheses for the four research chapters are as follows: 
Chapter 2: The emergence of geologically young islands in the Southern Ocean was crucial for 
the evolution of island-endemic penguin species, and highlights the importance of founder 
speciation.  
Chapter 3: Post-glacial warming of the Southern Ocean resulted in concerted, rapid southward 
expansions of numerous penguin species. 
Chapter 4: Human arrival to Pacific Southern Ocean islands drove the extinction of some 
endemic penguin taxa, and led to reduced genetic diversity in surviving lineages. 
Chapter 5: The extinct Southern Ocean endemic Hunter Island penguin is not a valid penguin 
taxon. 
Chapter 2 clarifies the evolutionary history of modern penguins (16 mya to present), and 
identifies potential links between island emergence and the origins of island-endemic species. 
This study was performed using a combination of mtDNA sequences (COI and CR) and near-
complete mitogenomes from ancient and modern specimens spanning all extant and recently 
extinct taxa. Phylogenetic analyses were undertaken using well-justified fossil calibration 
points, and results were compared to the geological record of island ages. In addition, this 
chapter describes two newly extinct penguin taxa (Eudyptes and Megadyptes genera) from the 
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NZ Chatham Islands, which were described based on aDNA sequence data and morphological 
characters. This chapter is published in Molecular Biology and Evolution. 
Chapter 3 focusses on the post-glacial (1 mya to present) histories of all widespread penguin 
taxa among Aptenodytes, Pygoscelis and Eudyptes genera. All taxa have low genetic diversity 
including Eudyptes chrysolophus chrysolophus and E. c. schlegeli which probably represent 
incipient species. Concordant with post-glacial range expansions, all taxa that inhabit islands 
south of the LGM sea-ice extent experienced rapid post-glacial population expansions, while 
taxa that inhabit islands north of the LGM sea-ice extent have had stable/declining demographic 
histories. This was achieved by sequencing thousands of SNPs across seven Eudyptes taxa 
using blood samples of almost 300 individuals, and obtaining newly published SNP datasets of 
several hundred Aptenodytes and Pygoscelis penguins. This chapter is under revision in 
Proceedings of the National Academy of Sciences. 
Chapter 4 builds on previous genetic studies focussing on how the arrival of Polynesians (780 
years ago) and Europeans (250 years ago) in NZ may have shaped the biogeography of 
Eudyptes penguins. While only one Eudyptes penguin inhabits the NZ South Island today, six 
prehistoric taxa were detected, including a few individuals of the extinct Chatham Island 
Eudyptes penguin. Supplementing results from Chapter 3, demographic analyses suggest that 
E. pachyrhynchus has had a stable demographic history, possibly related to its habitat 
preference of isolated coastal forests. This was achieved using aDNA sequences (COI and CR) 
isolated from archaeological and subfossil bones, historical museum skins and modern blood 
samples from almost 200 specimens. This chapter is published in Molecular Phylogenetics and 
Evolution. 
Chapter 5 clarifies the taxonomic identity of Tasmania’s so-called ‘extinct’ Tasidyptes hunteri. 
This was achieved using aDNA sequences (COI) isolated from all known samples attributed to 
this genus. This study overturns the previous recognition of T. hunteri as a distinct and coherent 
species, instead showing that it consists of an artificial assemblage of three extant penguin 
species across two genera (Eudyptes pachyrhynchus, E. robustus and Eudyptula 
novaehollandiae). This chapter is published in the Zoological Journal of the Linnean Society. 
Chapter 6 expands on the main themes of each research chapter, and synthesises the main 
results of this thesis. Future directions are discussed in terms of genomic techniques, 
outstanding questions about penguin evolution and biogeography and broad Southern Ocean 
island biology. 
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Taken together, this thesis provides the most comprehensive study on modern penguin 
evolution and genomics to date, and is the first multi-species study to link classic patterns of 
island biology and evolution to the diverse, circumpolar islands of the vast Southern Ocean. 
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Mitogenomes uncover extinct penguin taxa and reveal island 
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Abstract 
The emergence of islands has been linked to spectacular radiations of diverse organisms. 
Although penguins spend much of their lives at sea, they rely on land for nesting, and a high 
proportion of extant species are endemic to geologically-young islands. Islands may thus have 
been crucial to the evolutionary diversification of penguins. We test this hypothesis using a 
fossil-calibrated phylogeny of mitogenomes from all extant and recently extinct penguin taxa. 
Our analysis suggests that numerous island-endemic penguin taxa diverged following the 
formation of their islands, including Spheniscus mediculus (Galápagos Islands), Eudyptes 
moseleyi (Gough Island), E. robustus (The Snares) and E. chrysolophus schlegeli (Macquarie 
Island). Our analysis also reveals two new recently extinct island-endemic penguin taxa from 
NZ’s Chatham Islands: the Chatham Island Eudyptes penguin (Eudyptes warhami sp. nov.) and 
a dwarf subspecies of the yellow-eyed penguin (Megadyptes antipodes richdalei ssp. nov.). 
Eudyptes warhami diverged from the Antipodes/Bounty Islands E. sclateri between 1.1 – 2.5 
million years ago, shortly after the emergence of the Chatham Islands (approximately three 
million years ago). This new finding of recently-evolved taxa on this young archipelago 
provides further evidence that the radiation of penguins over the last five million years is linked 
to island emergence. Mitogenome analyses of all penguin species and the discovery of two 
newly extinct taxa highlight the importance of island formation in the diversification of 
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penguins, as well as the extent to which anthropogenic extinctions have affected island-endemic 
taxa across the Southern Hemisphere’s isolated archipelagos. 
Introduction 
Biologists have long considered oceanic islands as natural laboratories for evolutionary studies 
(Darwin, 1859), with archipelago formation underpinning dramatic biological radiations in 
many remote regions of the globe (Shaw & Gillespie, 2016; see Figure 1). In particular, 
numerous studies have highlighted island isolation as a crucial prerequisite for species 
formation and adaptive radiation of island species (Darwin, 1859; Cowie & Holland, 2006; 
Losos & Ricklefs, 2009; Bacon et al., 2012). Soon after emergence, islands (whether volcanic 
or tectonic in origin) can be rapidly colonised by diverse arrays of dispersing taxa (Fleisher et 
al., 1998; Gathorne-Hardy & Jones, 2000; Mendelson & Shaw, 2005; Gillespie et al., 2012), 
presenting unique opportunities for local adaptation and diversification of species (Waters et 
al., 2013). The resultant island-endemic taxa can also be particularly prone to extinction (Shaw 
& Gillespie, 2006; Cowie & Holland, 2006; Wood et al., 2017). 
Penguins are iconic flightless marine birds that inhabit all major landmasses and many islands 
in the Southern Hemisphere (Figure 5). Approximately 20 extant species are recognized, with 
some debate over species boundaries between recently-diverged populations (Frugone et al., 
2018; Frugone et al., 2019; Mays et al., in press). The group has a rich fossil record extending 
back more than 60 million years (Slack et al., 2006), with over 50 extinct species documented 
(Ksepka et al., 2012, Simpson, 1971a; Myrcha et al., 1990; Clarke et al., 2003; Jadwiszczak, 
2006; Walsh & Suárez, 2006; Ksepka & Ando, 2011; Park & Fitzgerald, 2012; Thomas & 
Ksepka, 2013; Mayr et al., 2017; Richards, 2019). Several phylogenetic studies have attempted 
to pinpoint the timing, and thereby the drivers, of penguin diversification (Baker et al., 2006; 
Ksepka et al., 2006; Subramanian et al., 2013; Gavryushkina et al., 2017). Previous studies 
identified circumpolar ocean currents and Antarctic cooling as key drivers of penguin evolution 
and biogeography (Baker et al., 2006; de Dinechin et al., 2009; Frugone et al., 2018). However, 
one third of all extant penguin species are endemic to geologically young islands (Maund et al., 
1988; Gamble & Morris 1989; Adamson et al., 1996; Campbell et al., 2008; Sinton et al., 2018), 
suggesting that founder speciation may also have played an important role in recent penguin 
cladogenesis. An alternative explanation is that island-endemic penguins represent relictual 
populations of formerly more widespread species. 
In this study, we test these competing hypotheses using 41 near-complete mitogenomes, 
representing all extant and recently extinct penguin taxa. By using well-justified fossil 
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calibrations, we resolve the timing and mechanisms of modern penguin diversification. We 
overlay our phylogeny using geological data of island ages, and demonstrate that several recent 
penguin divergence events correlate with the formation of islands, providing a new model for 
understanding penguin evolution. Furthermore, we describe two new recently extinct penguin 
taxa from the NZ Chatham Islands, demonstrating that while islands have been key in many 
recent penguin speciation events, the resulting restricted distributions have also made such 
lineages particularly susceptible to recent anthropogenic extinction. 
Materials and Methods 
DNA extraction, amplification and sequencing of historical samples 
Historical skin samples from Eudyptes filholi, E. robustus, E. sclateri, E. chrysolophus 
chrysolophus and E. c. schlegeli were obtained from the National Museum of New Zealand Te 
Papa Tongarewa (NMNZ). 37 Holocene fossil and archaeological bones from the Chatham 
Islands which were identified as Eudyptes based on morphology, and two each of Megadyptes 
antipodes and M. waitaha were sourced from NMNZ, Canterbury Museum, and the Auckland 
War Memorial Museum (see Supplementary Table 1). To avoid duplicate sampling of 
individuals, either left or right elements were sampled from any one site, or bones were sampled 
from different stratigraphic units within a site. DNA extractions were performed following 
rigorous aDNA protocols as suggested by Cooper & Poinar (2000) at four purpose-built aDNA 
laboratories, depending on the sample type. These included (1) the Department of Zoology, 
University of Otago, Dunedin, following Rohland et al. (2010) for bone or Rawlence et al. 
(2015a) for historical museum skins; (2) Manaaki Whenua Landcare Research (MWLR), 
Lincoln, following Thomson et al. (2014) for bone; (3) NMNZ, Wellington, following the 
manufacturer’s protocol from the Qiagen DNeasy® Tissue Extraction Kit (Qiagen Inc., 
Chatsworth, California, USA) for historical museum skins; and (4) the Australian Centre for 
Ancient DNA (ACAD), Adelaide, following Brotherton et al. (2013) for bone. 
For species identification, we followed Boessenkool et al. (2008), Cole et al. (2018; see 
Chapter 5) and Cole et al. (2019a; see Chapter 4). We amplified approximately 499 bp of the 
COI gene (which was achieved through four overlapping 140 – 164 bp regions), 131 bp of the 
CR in Eudyptes, and approximately 402 bp of the CR in Megadyptes (which was achieved 
through two overlapping 229 – 255 bp regions). For primer details of both the COI and the 
Eudyptes CR refer to Cole et al. (2018; Chapter 5) and Cole et al. (2019a; Chapter 4), 
respectively. PCRs in a total volume of 12.5 µL each were performed using 2 mg/mL BSA 
(Sigma), 1 X PCR buffer, 2 mM MgSO4, 80 µM dNTPs, 0.4 µM of each primer, 0.625 U HiFi 
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Platinum Taq (Invitrogen) and 1 µL DNA on a BIO-RAD MyCycler thermal cycler as follows: 
94°C for 3 min; 55 cycles of 94°C for 30 s, 55°C for 30 s and 68°C for 45 s, followed by 68°C 
for 10 min. PCR products were purified using SPRIselect (Beckman Coulter, Inc., Indianapolis, 
IN, USA) and sequenced at the MWLR sequencing facility in Auckland on an Applied 
Biosystems 3500xL Genetic Analyzer. Contiguous sequences of COI and CR were assembled 
using Geneious v8.1.8 (Biomatters; Kearse et al., 2012) from high quality bidirectional reads, 
and checked manually. Due to aDNA damage, when inconsistency between sequences from a 
given individual was observed (e.g. G-A and C-T transitions), additional PCR and bidirectional 
sequencing were conducted and a majority rule consensus was applied (Brotherton et al., 2007). 
Initial phylogenetic trees were created using BEAST v2.4.7 (Bouckaert et al., 2014) with a 
relaxed log-normal clock and Yule speciation model, 100 million markov chain monte carlo 
(MCMC) generations sampling tree parameters every 1000 generations, and a burnin of 10%. 
Analyses were run in triplicate and combined using Log Combiner v2.4.7. We used the Akaike 
Information Criterion (AIC) (Akaike, 1974) in JmodelTest2 (Darriba et al., 2012) to determine 
the most appropriate model of sequence evolution (Jukes Cantor for all genetic markers). We 
created two maximum-clade credibility phylogenies using the COI sequences, and one 
maximum-clade credibility phylogeny using the Megadyptes CR sequences (Figures 7 - 8 and 
Supplementary Figures 1-2). As is typical with aDNA, our data contained some missing 
sequence data. We therefore constructed the first phylogeny which contained all COI 
sequences, and a second phylogeny that contained only samples with three to four of the four 
overlapping fragments. In addition, we included one sequence representative of all extant 
penguin species with a wandering albatross (Diomedea exulans) sequence as the outgroup. For 
the Megadyptes phylogeny we obtained 20 and 25 M. antipodes and M. waitaha sequences 
from GenBank, and one Eudyptes chrysocome sequence as the outgroup. Refer to 
Supplementary Table 2 for sequences obtained from GenBank. We used PopArt (Leigh & 
Bryant, 2015) to create a minimum spanning haplotype network (Bandelt et al., 1999) that 
included all Eudyptes CR sequences. 
Enriched mitochondrial genomes from sub-fossil bones and museum skins 
While nuclear genomes have recently been used to reconstruct the phyogenomic history of 
penguins (Pan et al., in press), it remains difficult and prohibitively expensive to obtain full 
nuclear genomes from degraded museum skins or Holocene fossil and archaeological bones. 
Therefore, we obtained near-complete mitogenomes from all modern penguin taxa for our 
phylogenetic reconstruction. 
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One to two Illumina libraries were created for Eudyptes filholi, E. robustus, E. pachyrhynchus, 
E. sclateri, E. chrysolophus schlegeli, E. warhami (cf. E. clade X; see Chapter 4), Megadyptes 
antipodes, M. waitaha and M. a. richdalei (see results) following Meyer and Kircher (2012), 
but using truncated adapters with unique 7-mer barcode sequences and a partial uracil-DNA-
glycosylase treatment (Rohland et al., 2015). We used real-time polymerase chain reaction 
(rtPCR) to determine the appropriate number of cycles to amplify each library (see Carøe et al., 
2018). Two 10 µL reactions were run per library containing 1 µL of a 1:5 dilution of post-BSA 
product, 1 X HiFi PCR buffer, 2 mM MgSO4, 0.25 mM dNTPs, 0.2 µM IS7 and IS8 primers 
(see Meyer & Kircher, 2012), 0.004 X ROX (Life Tech), 0.2 X SYBR (Life Tech), 0.56 M 
dimethyl sulfoxide (Sigma-Aldrich), and 0.2 U of Platinum Taq HiFi DNA polymerase 
(ThermoFisher). The rtPCRs were run on a LightCycler 96 (Roche) as follows: 94°C for 6 min; 
40 cycles of 94°C for 30 s, 60°C for 30 s and 68°C for 40 s; and a high-resolution melt (95°C 
for 1 min, 40°C for 1 min then a ramp from 65 – 97°C). Each library was divided into 8 X 25 
µL PCRs containing 3 µL of post-BSA library product, 1 X HiFi PCR buffer, 2 mM MgSO4, 
0.25 mM dNTPs, 0.2 µM IS7 and IS8 primers and 0.5 U Platinum Taq DNA HiFi polymerase 
(ThermoFisher). PCRs were run in a heated-lid thermal cycler as follows: 94°C for 6 min; 10 – 
22 cycles (determined by rtPCR) of 94°C for 30 s, 60°C for 30 s and 68°C for 40 s; followed 
by 68°C for 10 min. 
Libraries were enriched for avian mtDNA (except for the CR) with commercially synthesised 
biotinylated 80-mer ribosomal ribonucleic acid (RNA) baits (Arbor Biosciences, MI, USA), 
designed from published mitogenome sequences for 27 modern birds, (including Eudyptes and 
Megadyptes; see Mitchell et al., 2014b). DNA-hybridisation enrichment was performed 
according to the manufacturer’s recommendations (myBaits protocol v1), except the incubation 
step, which we extended to 44 h (2 h at 60°C, 12 h at 55°C, 12 h at 50°C and 17 h at 55°C). 
After washing the bound DNA, the baits and DNA library were eluted in PCR master mix, 
which was then divided into 5 X 25 µL reactions comprising 1 X AmpliTaq Gold Buffer, 2.5 
mM MgSO4, 0.25 mM dNTPs, 0.4 µM indexed full-length adapter primers (IS4 and indexing 
primer; see Meyer & Kircher, 2010) and 1.25 U AmpliTaq Gold DNA Polymerase (Thermo 
Fisher). PCRs were run in a heated-lid thermal cycler as follows: 94°C for 6 min; 15 cycles of 
94°C for 30 s, 60°C for 30 s and 72°C for 45 s; 72°C for 10 min. Each amplified library was 
diluted to 2 nM and run on an Illumina MiSeq using 2 X 150 bp paired-end sequencing 
chemistry. 
Reads were demultiplexed using ‘sabre’ (http://github.com/najoshi/sabre) (default parameters: 
no mismatches allowed). Adapter sequences were removed and paired-end reads were merged 
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using AdapterRemoval v2.1.2 (Schubert et al., 2016). Low quality bases were trimmed 
(<Phred20 --minquality 4) and merged reads containing <25 bp were discarded (--minlength 
25). Read quality was visualised using fastQC v0.10.1 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc) before and after trimming to make sure 
the trimming was efficient. Collapsed reads from Eudyptes sclateri (AD302), E. warhami/E. 
clade X (AD342) and Megadyptes antipodes richdalei (ACAD12997) were mapped against the 
Eudyptes chrysocome mitogenome (GenBank accession AP009189) using BWA v0.7.8 (Li & 
Durbin, 2009) (aln -1 1024, -n 0.01, -o 2). Reads with a mapping quality Phred score >30 were 
selected using the SAMtools v.1.4 (Li et al., 2009) view command (-q 30) and duplicate reads 
were discarded using ‘FilterUniqueSAMCons.py’ (Kircher, 2012). We created 50% (majority-
rule) consensus sequences in Geneious. Collapsed reads from all other samples were mapped 
to these three new reference sequences, as described above. Preliminary taxon assignments 
were made based on the reference to which the most reads mapped, and 50% consensus 
sequences were created based on the closest matching reference (E. sclateri for all extant 
Eudyptes samples, E. warhami/E. clade X for all E. warhami/E. clade X samples and 
Megadyptes antipodes richdalei for all Megadyptes samples). All reads for each sample were 
then re-mapped to their respective consensus, as described above, and final higher-stringency 
consensus sequences were created: 85% majority for all samples, except Eudyptes warhami/E. 
clade X which were called at 100% majority. A nucleotide was only called for sites with >3X 
coverage depth, and sites with insufficient read depth were called as 'N'. For two Megadyptes 
antipodes richdalei samples (AD161 and AD88) we were able to combine two sets of reads 
that were created from two Illumina libraries to create one sequence per sample. For these 
samples, there were no ambiguities between reads that overlapped. We used MapDamage 
v.2.0.6 (Jónsson et al., 2013) to ensure that damage patterns in our data were consistent with 
authentic aDNA (see Supplementary Figures 3 – 6 and Supplementary Table 3). 
Mitogenomes from contemporary blood 
We created mitogenomes from blood samples of Aptenodytes patagonicus (Fortuna Bay, South 
Georgia), Eudyptes moseleyi (Amsterdam Island), E. chrysolophus chrysolophus (Marion 
Island) and E. c. schlegeli (Green Gorge, Macquarie Island) at BGI, Hong Kong. DNA was 
extracted at either BGI, Hong Kong or the University of Oxford, Oxford using a HiPure Blood 
DNA Midi Kit II or the Qiagen DNeasy® Tissue Extraction Kit, respectively. We constructed 
250 bp insert size libraries and performed whole-genome paired-end sequencing on a BGISeq 
500 platform with 150 bp read lengths (see Pan et al., in press). Mitogenomes were de novo 
assembled using SOAPdenovo-Trans (Xie et al., 2014) with approximately 6 Gigabases of data 
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for each species. We raised the linkage support during the scaffolding step to improve accuracy 
and to avoid connections between mtDNA reads and nuclear mtDNA segments (NUMTs). We 
used a hidden Markov model method (Krogh et al., 1994; Durbin et al., 1998; Wheeler & Eddy, 
2013) to filter candidate mtDNA sequences and remove potential false positive mitochondrial 
scaffolds, NUMTs or sequences that did not map to avian mitochondrial genes, which we 
considered as contamination. 
Phylogenetic analysis of mitogenomes 
We aligned all mitogenomes, including 15 additional mitogenomes obtained from GenBank 
(see Supplementary Table 2) using the MUSCLE algorithm implemented in Geneious R8. As 
most of the mitogenomes were not enriched for the CR, we excluded this region from genomes 
sequenced on the BGISeq 500 platform or those that had been downloaded from GenBank. We 
provided PartitionFinder v2.1.1 (Lanfear et al., 2016) with an input of 30 regions: for each 
protein coding gene, a region corresponding to every third position counting from the first 
position (e.g. position 1, 4, 7, etc.) and a region corresponding to every third position counting 
from the second position (e.g. position 2, 5, 8, etc.); 12S ribosomal RNA; 16S ribosomal RNA; 
concatenated transfer RNAs; and 108 bp of concatenated non-coding regions (Supplementary 
Table 4). The two regions we defined for each protein coding gene correspond to the first and 
second codon positions, except for the last 178 bp of the ND3 gene, which are frameshifted by 
one position due to a single nucleotide insertion. Regions were defined by aligning our 
sequences with the E. chrysocome mitogenome (GenBank accession AP009189) using 
Geneious, and extracting and concatenating the gene regions for downstream analyses. Optimal 
partitioning schemes were chosen based on the Bayesian information criterion (BIC) without a 
maximum-likelihood (ML) starting tree (Lanfear et al., 2012; Guindon et al., 2010) 
(Supplementary Table 4). We used Geneious to calculate genetic divergences among taxa using 
both the entire alignment (Supplementary Table 5) and excluding any positions with missing 
data in the alignment (Supplementary Table 6). We analysed all partitioned alignments in 
BEAST to infer the topology of penguins under a phylogenetic framework (Supplementary 
Figure 7 and 8). We explored two rooting strategies, using Steller’s albatross (Phoebastria 
albatrus) as the outgroup (a member of Procellariiformes, commonly recognised as the sister 
order to penguins; Ksepka et al., 2006) and rooting the phylogenetic tree between 
Aptenodytes/Pygoscelis and all other penguins (Supplementary Figure 7 and 8). All initial 
phylogenetic analyses were implemented with a Yule process speciation prior, under a single 
lognormal relaxed clock model. All phylogenetic analyses were conducted via the Cyber 
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Infrastructure for Phylogenetic RESearch (CIPRES) Science Gateway v3.3 (Miller et al., 
2010). 
Phylogenetic analysis using fossil calibrations
To calibrate mitogenomic evolution, we constrained the ages of five key nodes based on fossil 
penguins. Details and justifications for each node, and the parameters implemented in BEAST 
are described below. 
Fossil calibrations 





CM zfa35, partial skeleton (holotype) 
Phylogenetic justification 
Phylogenetic analyses universally support Waimanu being along the stem penguin lineage (e.g. 
Slack et al., 2006; Ksepka et al., 2006; Gavryushkina et al., 2017; Chávez Hoffmeister, 2014). 
CM zfa35 is the only published specimen of W. manneringi and all previous phylogenetic 
analyses have been based on this material. 
Minimum age constraint 
60.5 Ma 





3.7 (in real space) 






Biostratigraphic evidence, specifically the ranges of Hornibrookina teuriensis and 
Chaismolithus bidens indicate the minimum possible age of the type locality is 60.5 Ma 
(Cooper, 2004; Slack et al., 2006; Ogg et al., 2008). The maximum age constraint is based on 
the lower bound of the Maastrichtian Stage. Maastrichtian marine vertebrate sites have yielded 
several diving birds, including the Northern Hemisphere hesperornithids and the Southern 
Hemisphere Neogaeornis, Vegavis and Polarornis, indicating preservation potential for marine 
diving birds globally, which is specifically within the geographic range of modern penguins. 





MEF-PV 100, partial articulated skeleton (holotype) 
Phylogenetic justification 
M. mirandus was originally considered to be closely related to Eudyptes (Acosta Hospitaleche 
et al., 2007; Ksepka & Clarke, 2010), and later considered to possibly represent the sister taxon 
to crown Spheniscidae (Chávez Hoffmeister, 2014; Chávez Hoffmeister et al., 2014). Re-
examination of the holotype has revealed new character evidence and the most recent 
phylogenetic analysis suggested that M. mirandus is instead more closely related to Spheniscus 
and Eudyptula, though support was weak for this hypothesis (trees placing the fossil with 
Eudyptes were only one step longer; Degrange et al., 2018). Nevertheless, seven 
synapomorphies support crown status for M. mirandus, most compellingly the widely separated 
fossa temporalis, elongate processus retroarticularis, and small foramen ilioischiadicum 
(Degrange et al., 2018). Given the strong evidence that M. mirandus is a crown penguin and 
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the uncertainty over the precise placement of this taxon, we use M. mirandus as a calibration 
for the penguin crown. 
Minimum age constraint 
9.7 Ma 





The single known specimen of M. mirandus, comprising most of a skeleton, was collected from 
the Entrerriense sequence of the Puerto Madryn Formation (Acosta Hospitaleche et al., 2007). 
This sequence was deposited at 10.0 ± 0.3 Ma based on strontium isotope dating obtained from 
fossil molluscs (Scasso et al., 2001). The maximum age is based on the age of the upper 
boundary of Kokoamu Greensand of NZ, units that together have yielded a large number of 
penguin specimens spanning a wide range of body sizes and representing at least five different 
species, all of which are demonstrably stem taxa. Because the boundary between Kokoamu 
Greensand and the overlying Otekaike Limestone likely occurs near the upper 
Whaingaroan/Duntroonian boundary, we arbitrarily use the Whaingaroan/Duntroonian 
boundary (25.2 Ma) here in the absence of a more refined date. This maximum age for the 
crown is consistent with the observations that Oligocene units in Australia and South America 
have also yielded exclusively stem penguins (no fossil Oligocene penguins have yet been 
reported from Antarctica or Africa). 





MNHN PPI 147, partial skeleton (holotype) 
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Phylogenetic justification 
Göhlich (2007) listed a number of diagnostic characters supporting placement of S. muizoni in 
the genus Spheniscus. The placement of S. muizoni has been supported by several subsequent 
phylogenetic analyses (e.g. Ksepka & Clarke, 2010; Chávez Hoffmeister et al., (2014). 
Unambiguous synapomorphies of Spheniscus preserved in the calibrating specimen include the 
straight proximal border of the fossa tricipitalis in ventral view (observed only in Spheniscus 
and some specimens of Palaeospheniscus) and extremely deep sulcus longitudinalis dorsalis 
medialis (observed only in Spheniscus and the otherwise very dissimilar Aptenodytes).  
Minimum age constraint 
9.2 Ma 











The calibrating specimen was collected from the Cerro la Bruja locality of the Pisco Formation 
of Peru. In the description, an age estimate of 11 – 13 Ma for S. muizoni was based on general 
faunal divisions (Göhlich, 2007). However, subsequent stratigraphic work (Brand et al., 2011) 
provides a revised age of 9.2 Ma for Cerro la Bruja. The maximum age is set to the base of the 
Miocene (23.03 mya; Gradstein, 2012). This maximum encompasses (1) the well-studied 
outcrops of the South American early Miocene Gaiman Formation, known as ‘Patagonia 
Formation’ in older references, which have yielded abundant stem penguin fossils (e.g. 
Palaeosphneiscus, Paraptenodytes, Eretiscus) but no crown penguins; (2) Miocene localities 
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in Australia, all of which are interpreted as either stem penguins or too incomplete to be 
assigned to either the stem or crown (Park et al., 2016); (3) Miocene-Pliocene record of NZ, 
which has yielded crown penguins, none of which fall within the Spheniscus-Eudyptula clade; 
and (4) the African penguin record, which is limited to middle/late Miocene material of 
indeterminate status (Thomas & Ksepka, 2013) and several early Pliocene crown species, none 
of which fall within the Spheniscus-Eudyptula clade (Ksepka & Thomas, 2012). 





NMNZ S.046318, partial skeleton 
Phylogenetic justification 
The strongly arched jugal bar in this specimen is a derived feature of Eudyptes (Daniel Thomas, 
personal communication). Although this feature also occurs in some species of Pygoscelis, 
tarsometatarsi also referred to this specimen have the derived condition of the foramen 
vasculare proximale medialis perforating the crista medialis hypotarsi (rather than exiting distal 
to the crest) supporting a position close to Eudyptes and ruling out a relationship with 
Pygoscelis. 
Minimum age constraint 
3.06 Ma 





7.04 (in real space) 






The calibrating Eudyptes sp. fossil is from the Late Pliocene Tangahoe Formation in the 
southern Taranaki region of the North Island of NZ (Naish et al., 2005). The Tangahoe 
Formation has been tightly constrained between 3.36 – 3.06 Ma and is therefore within the local 
Waipipian stage (3.7 – 3.0 Ma) and the international Piacenzian stage (3.6 – 2.58 Ma) (Naish 
et al., 2005; Raine et al., 2015). The formation was dated using magnetostratigraphic 
correlation with the Ocean Drilling Program Site 846 chronology, as well as the presence of 
Waipipian stage macrofossils and microfossils (Naish et al., 2005). E. calauina from the 
Horcón Formation of Chile is of similar age but is known from less complete material. Chávez 
Hoffmeister et al. (2014) recovered E. calauina within a polytomy that included all extant 
Eudyptes species. The Horcón Formation is considered Late Pliocene but no finer numerical 
dates are available for the horizon from which E. calauina is known. Thus, E. calauina may be 
slightly older or slightly younger than the Taranaki Eudyptes sp. Because many species of the 
Eudyptes-Megadyptes clade occur predominantly on islands with no pre-Holocene fossil 
records today, we used a conservative Oligocene maximum that follows the same justification 
as that for crown penguins as a whole. 





SGO-PV 790, partial skull 
Phylogenetic justification 
P. calderensis was described from three partial skulls. The holotype skull preserves a very 
shallow temporal fossa, a derived feature which is present only in Aptenodytes and Pygoscelis 
penguins. The holotype skull also preserves a shelf of bone bordering the supraorbital salt gland 
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fossa, a second derived feature which occurs in Pygoscelis (as well as Megadyptes and 
Eudyptes) but is absent in Aptenodytes. Together, these two features support placement of 
Pygoscelis calderensis to at least to the stem of Pygoscelis.  
Minimum age constraint 
6.3 Ma 











The calibrating specimen was collected from the Bahía Inglesa Formation. This formation 
contains several fossil-bearing horizons. The uppermost horizon, the Lechero Member, 
contains an ash layer which provides a potassium-argon age of 7.6 ± 1.3 Ma (Marquardt et al., 
2000; Godoy et al., 2003). P. calderensis was collected from a phosphatic horizon several 
meters lower in the stratigraphic section. The dated ash layer, therefore, provides a hard 
minimum age for the fossil. Because both Pygoscelis and Aptenodytes occur predominantly in 
Antarctica and sub-Antarctic islands today, and the fossil record from Antarctica is very poor 
aside from the Eocene deposits of Seymour Island (Simpson, 1971b; Jadwiszczak, 2006; 
Myrcha, 2006), we use a conservative Oligocene maximum that follows the same justification 
as that for crown penguins as a whole. 
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Phylogenomic analysis 
To calibrate our mitogenome phylogeny, we implemented a single lognormal relaxed clock 
model and constrained the ages of five key nodes (four when Phoebastria albatrus was 
excluded) based on the fossil penguins (as described above). To test the contribution of 
including the calibration stem penguin Waimanu manneringi we ran multiple phylogenetic tests 
using the alignment that sampled one individual per species, with Phoebastria albatrus as an 
outgroup. The tests used the following calibration points: (1) only Waimanu manneringi (see 
Supplementary Figure 9C); (2) all calibrations including W. manneringi (see Supplementary 
Figure 9B); and (3) all calibrations excluding W. manneringi (see Supplementary Figure 9A). 
The performance of each test was assessed by running the analysis without the data (e.g. priors 
only, see Warnock et al., 2015) to determine the relative contribution of the data and the priors 
to the posterior node age estimates. When W. manneringi was included, the effective priors for 
the crown nodes were much older than the initial specifications, yet when W. manneringi was 
removed the split between Sphenisciformes and Procellariiformes became unrealistically 
young, based on the fossil evidence (see Supplementary Figure 9). This conflict could be due 
to a rate slowdown in the large-bodied penguin clade (Ksepka & Phillips, 2015) and may be 
exacerbated by the long branch separating crown penguins from Procellariiformes (see 
Supplementary Figure 9). Therefore, we removed the outgroup Phoebastria albatrus, and ran 
the analysis on just Sphenisciformes without the Waimanu manneringi calibration point. Each 
test was run at a minimum of 50 million MCMC, and for each new alignment we re-ran Partition 
Finder and a single uncalibrated phylogenetic analysis was performed as above to determine 
the topology (especially for Aptenodytes/Pygoscelis placements, which remained as sister taxa 
in all analyses). To assess whether subspecies versus species status impacted the relationships 
among closely-related Sphenisciformes taxa (e.g. Eudyptes chrysolophus chrysolophus/E. c. 
schlegeli) we ran all analyses with a conservative approach, where we considered E. c. 
chrysolophus/E. c. schlegeli and two Megadyptes subspecies (see results) as conspecific 
(Supplementary Figure 10). To assess the impact of tree prior choice we ran all analyses (with 
and without Phoebastria albatrus) using either a birth-death or a calibrated Yule speciation 
process (Supplementary Figure 10 and 11). Results did not differ substantially, so we consider 
only the analyses that used the birth-death speciation prior (see Figure 9C  and Supplementary 
figure 10 and 11A). After comparing the performance of each test, the final analyses were run 
using only Sphenisciformes, with four internal calibration points, including a uniform prior for 
crown penguins (Figure 9C). This final analysis was run for 100 million generations, and we 
sampled trees and parameter values every 1000 generations. Parameter values were monitored 
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and compared between chains in Tracer v1.6 (Rambaut et al., 2013) to ensure convergence and 
effective sample sizes (ESS) >200. We combined sampled trees and parameter values from 
each chain using Log Combiner. The first 10% of each chain was discarded as burn-in using 
TreeAnnotator v1.8.3. We visualised the maximum-clade credibility tree using FigTree v1.4.2. 
Sequences and calibrated tree files are available on GenBank (MK290241–MK290284) and/or 
Figshare (DOI: 10.6084/m9.figshare.c.4329029). 
Systematic Palaeontology 
We measured 12 elements from eight Eudyptes taxa (n = 87; Supplementary Table 7), and up 
to 23 elements from each Megadyptes taxa (n = 57; see below and Supplementary Tables 8 – 
12) to examine possible morphological distinctions within and between Eudyptes and 
Megadyptes taxa (see below). Radiocarbon dates were obtained from terrestrial birds from the 
same localities as described material (Millener, 1999), and were re-calibrated using the 
Southern Hemisphere terrestrial calibration curve (Hogg et al., 2013) via OxCal v4.3.2 (Bronk 
Ramsey, 2017). 
Results 
Genetic evidence for two extinct penguin lineages from the Chatham Islands  
We analysed 65 sub-fossil bones (Supplementary Table 1) from the Chatham Islands to test for 
the existence of an extinct Eudyptes species, as proposed by Tennyson and Millener (1994) and 
Millener (1999) based on morphological evidence. Most bones were poorly preserved but we 
obtained partial COI sequences from 22, and partial CR sequences from eight. Phylogenetic 
analyses of these data identified E. sclateri and two other distinct genetic lineages, one 
corresponding to Eudyptes clade X (see Cole et al., 2019a; Chapter 4), Figure 7 and 
Supplementary Figures 1 – 2) and another within the Megadyptes genus (see Figure 8 and 
Supplementary Figure 12). The latter discovery was unexpected, as the bones had appeared too 
small to belong to Megadyptes and thus had originally been identified as Eudyptes. 
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Figure 7. Bayesian phylogenetic tree of penguins, with high-quality aDNA COI sequences from Chatham 
Islands bone samples. Prehistoric samples have AD numbers. One bone from the Chatham Islands is 
identified as Megadyptes (purple), two are Eudyptes sclateri (orange) and 10 fall with Eudyptes clade 
X (red) from mainland NZ (discussed in Cole et al. 2019a; Chapter 4]). Posterior probabilities for the 
main clades are shown. 
Mitogenomic phylogenetic analysis 
Phylogenetic analysis of near-complete mitogenomes recovered a clade grouping the two 
largest-bodied and most polar-adapted penguin genera, Aptenodytes and Pygoscelis, as sister to 
all other extant penguins (see Figure 9C and Supplementary Figures 8 – 12). This basal split 
was also found in two recent studies (Subramanian et al., 2013; Gavryushkina et al., 2017), 
whereas others have recovered Aptenodytes as an independent lineage, sister to all other extant 
penguins (Bertelli & Gianni, 2005; Baker et al., 2006; Ksepka et al., 2006, Pan et al., in press). 
Our phylogeny agrees with previous studies in recovering Spheniscus + Eudyptula and 
Eudyptes + Megadyptes clades (Bertelli & Gianni, 2005; Baker et al., 2006; Ksepka et al., 
2006). The Chatham Islands Eudyptes taxon is distinct, sister to E. sclateri (posterior 
probability: 1.0). The individuals recognised as Eudyptes clade X from mainland NZ (see Cole 
et al., 2019a; Chapter 4) belong to this newly-recognised species. Samples from the previously 
unrecognised ‘dwarf’ Chatham Islands Megadyptes taxon (marked in purple in Figure 8) form 
a monophyletic clade (posterior probability: 1 in Figure 8; posterior probability: 0.88 in Figure 
9), though their precise phylogenetic relationship to other Megadyptes lineages could not be 
confidently resolved (Figure 8). 
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Figure 8. Bayesian phylogenetic tree of Megadyptes penguins with aDNA CR sequences from Chatham 
Islands bone samples. Posterior probabilities >0.95 are shown. 
Pairwise distances and taxonomic status 
To explore genetic divergences and potential taxonomic status of penguin lineages, we 
compared the mitogenomes in a pairwise matrix (see Figure 9B and Supplementary Tables 5 – 
6). The Chatham Islands Eudyptes penguin and E. sclateri are 1.9% divergent, with 268 
differential SNPs between the two species. In contrast we observed just 0.2% divergence 
between the closely-related (Christidis & Boles, 2008; Frugone et al., 2018; Frugone et al., 
2019) E. chrysolophus schlegeli and E. c. chrysolophus lineages. Despite clear phenotypic 
differences (Warham, 1975; Shaughnessy, 1975; Woehler, 1995) it appears that these 
genetically similar lineages may still be in the earliest stages of diversification, supporting 
recent conclusions of Frugone et al. (2018) and Frugone et al., (2019); see also Chapter 3. Our 
data reveal more substantial divergences among three rockhopper penguin species (de Dinechin 
et al., 2009): E. chrysocome and E. filholi are 0.7% divergent, and both show 1.8% divergence 
relative to E. moseleyi, supporting recent conclusions of Frugone et al. (2018); see also Chapter 
3. The recently proposed recognition of two Eudyptula taxa (Grosser et al., 2017) is supported 
by 2.9% divergence detected between Eudyptula minor and E. novaehollandiae. 
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Figure 9. Breeding distributions and genomic relatedness between modern penguin taxa based on 
mitogenomes. (A) Maps of penguin breeding ranges, adapted from Ramos et al. (2018). Only the pre-
human breeding range of Megadyptes antipodes antipodes is shown. GAL: Galápagos Islands; FAL: 
Falkland Islands; SG: South Georgia; SS: South Sandwich Islands; SO: South Orkney Islands; BOU: 
Bouvet; GOU: Gough Island; TDC: Tristan da Cunha; PEI: Prince Edward Islands; CRZ: Crozet Islands; 
KER: Kerguelen Islands; HEA: Heard Island; AMS: Amsterdam and St Paul Islands; MAC: Macquarie 
Island; CAM: Campbell Island; SNA: Snares; AUC: Auckland Islands; ANT: Antipodes Islands; CHA: 
Chatham Islands; NZ: New Zealand. (B) heatmap showing the percentage of pairwise genetic similarity 
calculated from 14,117 bp of 23 crown penguin mitogenomes (excluding all missing data); (C) dated 
phylogeny of penguins inferred from mitogenomes. Fossil calibrations are marked with large yellow 
circles. Posterior probabilities for all clades were >0.99, except those marked with orange squares (0.88 
for Megadyptes and 0.74 for Eudyptes). 95% highest posterior denisty error bars are shown for each 
node. The divergence dates and the geological emergence of the Chatham Islands, Gough Island, 
Galápagos Islands and Macquarie Island are shown. 
Megadyptes antipodes and the new Chatham Islands Megadyptes taxon had only 0.1% sequence 
divergence, and both were 0.3% divergent from M. waitaha. These values are substantially 
smaller than the divergences observed between some other sister species pairs of extant 
penguins (mean 2.2%, range 0.8 – 5.2%; Supplementary Table 6). In contrast, the Chatham 
Islands Eudyptes taxon is 1.9% divergent from E. sclateri, a value exceeding those between 
sister-pairs of several more widely accepted penguin species (e.g. E. robustus and E. 
pachyrhynchus are 0.8% divergent; see also Chapter 3). 
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Calibrated phylogenetic analysis 
Our divergence estimates of major phylogenetic clades are consistent with the proposed 
Miocene origin of crown penguins (Subramanian et al., 2013; Gavryushkina et al., 2017) and 
show that a large proportion of penguin species (16 out of 23 studied taxa) have diverged over 
the past two million years (see Figure 9C and Supplementary Table 13). While some 
divergence-time estimates substantially predate or postdate island formation, the majority of 
island-endemic penguin taxa (The Chatham Islands Eudyptes on the Chatham Islands, E. 
chrysolophus schlegeli on Macquarie Island, E. moseleyi on Gough Island, the Chatham Islands 
Megadyptes taxon on the Chatham Islands, Spheniscus mendiculus on the Galápagos Islands 
and possibly Eudyptes robustus on The Snares) diverged from their respective sister taxa 
following the emergence of the islands they are endemic to (see Figure 9C and Supplementary 
Figures 9 – 11 for alternative calibration approaches). 
Systematic palaeontology
Morphological observations (Supplementary Tables 7 – 12) combined with our molecular 
results (Figures 7, 9 and 10) support recognition of the Chatham Islands Eudyptes penguin 
(originally proposed by Tennyson and Millener, 1994) as a distinct species (Figure 10) and the 
dwarf Chatham Islands Megadyptes penguin as a subspecies of the extant yellow-eyed penguin 
(Figure 11). Comparison of bone sizes and proportions are presented under the caveat that 
currently-available sample sizes are too low for robust conclusions using parametric tests. 
Aves Linnaeus, 1758 
Sphenisciformes Sharpe, 1891 
Eudyptes Vieillot, 1816 
Eudyptes warhami, nov. sp. Cole, Tennyson, Ksepka & Thomas 
Holotype 
NMNZ S.33007 (AD161). Skull (see Figure 10a1 – a3). A DNA sequence was obtained from 
the cranium. A thoracic vertebra apparently associated with this skull is not considered to be 
part of the holotype. This specimen was originally identified as Eudyptes sp. 
Paratypes 
NMNZ S.24277 (AD291). Left carpometacarpus (see Figure 10e1 – e2). A DNA sequence was 
obtained from this specimen. Collected: B. G. McFadgen, Jan 1987, Waitangi West, Chatham 
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Island. This specimen was originally identified as Eudyptes sclateri. Age: past 7000 years cal 
BP (Millener, 1999). 
NMNZ S.25157 (AD156). Right humerus (see Figure 10e1 – e2). A DNA sequence was 
obtained from this specimen. Collected: P. R. Millener, 10 Jan 1988, Maunganui, inland series 
of dune hollows, Chatham Island. This specimen was originally identified as Eudyptes sclateri. 
Age: past 7000 years cal BP (Millener, 1999). 
NMNZ S.26908. Skull. DNA extraction was attempted but was unsuccessful. Collected: P. R. 
Millener, 21 Feb 1989, Maunganui, inland series of dune hollows, Chatham Island. This 
specimen was originally identified as Eudyptes pachyrhynchus and later figured by Millener 
(1999) as representing an undescribed Eudyptes species. Age: past 7000 years cal BP (Millener, 
1999). 
NMNZ S.27259 (AD158). Right coracoid (see Figure 10d1 – d2). Collected: H. O. Forbes, 
1892, Chatham Islands. DNA sequence obtained. Originally identified as Eudyptes sp. with an 
associated cranium labelled Catarrhactes schlegeli. Age: past 7000 years cal BP (Millener, 
1999). 
NMNZ S.47917 (AD162). Left coracoid. A DNA sequence was obtained from this specimen. 
Collected: P. R. Millener, 19 Feb 1991, Waitangi West, Chatham Island. This specimen was 
originally identified as Eudyptes. Age: past 7000 years cal BP (Millener, 1999). 
NMNZ S.30440. Mandible (see Figure 10b). DNA extraction was not attempted. Collected: P. 
R. Millener, 29 Jan 1992, Kaingaroa, foredune, Chatham Island. Figured by Millener (1999) as 
representing an undescribed Eudyptes species. Age: past 7000 years cal BP (Millener, 1999). 
NMNZ S.47921 (AD352). Left tibiotarsus. A DNA sequence was obtained from this specimen. 
Collected: A. J. D. Tennyson, 1987 – 1988, Mangere Island, Chatham Islands. This specimen 
was originally identified as Eudyptes ?n. sp. Age: from a midden, possibly 19th century 
(Tennyson & Millener, 1994). 
CM Av.6816 (AD157). Largely complete skull. A DNA sequence was obtained from this 
specimen. Collected: 1950, Chatham Is. This specimen was originally identified as Eudyptes 
pachyrhynchus. Age: past 7000 years cal BP (Millener, 1999). 
CM Av.27407 (AD345). Left humerus. A DNA sequence was obtained from this specimen. 
Collected: R. J. Scarlett et al., 27 Jan 1973, Wharekauri, Chatham Island. This specimen was 
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originally identified as Eudyptes pachyrhynchus sclateri. Age: past 7000 years cal BP 
(Millener, 1999). 
CM Av.27867 (AD250). Left humerus. A DNA sequence was obtained from this specimen. 
Collected: R. J. Scarlett, 9 Dec 1972, Dunes, Te One, Chatham Island. This specimen was 
originally identified as Eudyptes pachyrhynchus. Age: past 7000 years cal BP (Millener, 1999). 
Referred specimens 
Sampling number AD282. Left humerus. A DNA sequence was obtained from this specimen. 
Collected: NMNZ MI/II/4-60 (rust + 5r), Centennial Inn, Paekakariki, Near Wellington. This 
specimen was originally identified as Eudyptes pachyrhynchus. Age: Early Māori from a 
midden deposit dated to 733 – 566 cal BP (Davidson, 1988). 
Sampling number AD309. Right humerus. A DNA sequence was obtained from this specimen. 
Collected: NMNZ NRO350, Black Rocks, Black Midden, BR3 N168-9/77, 3/2/8. This 
specimen was originally identified as Eudyptes pachyrhynchus. Age: Early Māori from a 
midden deposit dated to 733 – 566 cal BP (Scarlett, 1979). 
Sampling number AD391. Part of a coracoid. A DNA sequence was obtained from this 
specimen. Collected: NMNZ NRO344, Black Rocks, Cresent, BR4 Box 2a bird, 4/2/3. This 
specimen was originally identified as Eudyptes pachyrhynchus. Age: Early Māori from a 
midden deposit dated to 733 – 566 cal BP (Scarlett, 1979). 
Sampling number AD394. Trochlea. A DNA sequence was obtained from this specimen. 
Collected: NMNZ NRO339, Black Rocks, Cresent, BR4 Box 2a 1 (bird) 4/1/6. This specimen 
was originally identified as Eudyptes pachyrhynchus. Age: Early Māori from a midden deposit 
dated to 733 – 566 cal BP (Scarlett, 1979).  
CM Av.21751 (AD248). Part of a right radius. A DNA sequence was obtained from this 
specimen. Rakauteru Cave. 16 km north of Kaikoura. Collected: B.N. Norris, Nov/Dec 1967 – 
Jan 1968.  This specimen was originally identified as Eudyptes pachyrhynchus. Age: 
Archaeological specimen with no radiocarbon date. 
CM Av.25895 (AD342). Left tibiotarsus. A DNA sequence was obtained from this specimen. 
Shelter, Le Bons Bay, Banks Peninsula. Collected: R.S. Duff, 22 Oct 1955. This specimen was 
originally identified as Eudyptes p. pachyrhynchus. Age: Archaeological specimen with no 
radiocarbon date. 
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Etymology 
The specific epithet honours John Warham (1919–2010), who carried out pioneering studies on 
Eudyptes penguins. 
Type locality 
Foredune about 200 m west of Tahatika Creek, Chatham Island. Collected by P. R. Millener, 
20 Jan 1993. Age: less than 7000 years cal BP, which is the maximum age of the dunes. A 
Chatham Island duck (Anas chathamica) bone from the site dates to 1529 ± 57 14C BP (1405 – 
1185 cal BP) (Millener, 1999). 
Paratype and stratigraphic context 
Most bones in the type series were isolated elements collected from eroded dune surfaces. 
However, the paratype from Mangere Island (NMNZ S.47921) was from a soil deposit that 
contained European-era remains (but had possible rabbit disturbance). No E. warhami bones 
were found in articulated association. 
Diagnosis 
E. warhami is characterized by an elongate ovoid premaxilla in dorsal view and a relatively 
shallow mandible. The species is distinguished from E. chrysocome, E. filholi and E. moseleyi 
by size (Supplementary Table 7). The largest E. warhami specimens (including the holotype) 
rival E. chrysolophus schlegeli, which is the largest extant Eudyptes taxon. E. warhami is 
distinguished from E. pachyrhynchus and E. robustus by a relatively elongate premaxilla, is 
distinguished from E. chrysolophus chrysolophus and E. chrysolophus schlegeli by a 
proportionally shallower mandible and is distinguished from E. sclateri by a more bowed 
premaxilla (dorsally) and a notably shallower mandible. E. warhami is distinguished from the 
Pliocene E. calauina by a smaller and more slender humerus (maximum length 70 mm in E. 
warhami versus ~81 mm in E. calauina).  
Distribution 
E. warhami was presumably once widespread along the coastlines of the Chatham Islands 
archipelago. The type series includes specimens from northern Chatham Island (43.71°S) to 
Mangere Island (44.27°S). The referred specimen series indicates that the species ranged 
westward to the east coast of mainland NZ (see also Cole et al., 2019a; Chapter 4).  
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Description 
Eudyptes penguins exhibit sexual size dimorphism so inter-specific size variation would be 
expected in E. warhami. The beak shape varies subtly between most Eudyptes species, but post-
cranial bones are largely inseparable based on shape. Molecular data circumscribing the E. 
warhami material confirms that the species fits this pattern. As is typical of larger Eudyptes 
species, the beak of E. warhami is more elongate than in smaller congeners. The rostral portion 
of the upper beak is markedly swollen as in Eudyptes and unlike Megadyptes. The jugal bar is 
strongly curved (see Figure 10a1), as in Eudyptes, and more so than in Megadyptes. The deep 
salt gland fossae are bounded by a shelf of bone. The mandibular ramus deepens strongly near 
the midpoint, a feature observed within Eudyptes and Pygoscelis penguins that is associated 
with a preference for planktonic prey (Zusi, 1975). Similar to extant Eudyptes species, the 
coracoidal fenestra is completely enclosed by a bridge of bone extending from the procoracoid 
process. The humerus is relatively wide, lacks a pronounced notch between the head and the 
dorsal tubercle, and has a posterior trochlear process which projects beyond the ventral border 
of the shaft. Skull length in E. warhami is comparable to skull length in the largest living 
Eudyptes penguins including E. chrysolophus schlegeli (Supplementary Table 7). However, 
coracoids, a humerus and a carpometacarpus from other E. warhami individuals are smaller 
than equivalent elements from E. chrysolophus schlegeli and instead are sized between E. 
sclateri and E. robustus (Supplementary Table 7). If sizes for cranial and postcranial elements 
represent within-population variation (e.g. sexual dimorphism) then body length of E. warhami 
was approximately 62 – 70 cm in comparison with other Eudyptes penguins (Stonehouse, 
1967). The nomenclatural act for E. warhami has been registered to ZooBank 
(urn:lsid:zoobank.org:act:640EE978-13B5-4913-BB4E-6E16395325AC). 
Comparison (measurements) 
Bill length is 55% of the total skull length in E. warhami and ranges from 51% in E. filholi and 
E. pachyrhynchus to 59% in E. chrysolophus schlegeli (Supplementary Table 7). Caudal-most 
width of the bill is 29% of the bill length in E. warhami and similarly narrow in E. chrysolophus 
schlegeli (27%), but much broader in other extant Eudyptes species (e.g. 35% in E. sclateri and 
41% in E. filholi). The maximum width of the internarial bar is 7% of the total skull length in 
E. warhami and 6% in other extant Eudyptes. Calvarium width is 86% of the calvarium length 
in E. warhami and 89 – 91% in other extant Eudyptes penguins. The mandible depth is 17% of 
the mandible length in E. warhami and is typical of extant Eudyptes penguins (e.g. 17% in E. 
robustus; 18% in E. moseleyi). The mandible is relatively deep, accounting for 21% of the 
mandible length in E. chrysolophus chrysolophus and E. sclateri. 
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Megadyptes Milne-Edwards, 1880 
Megadyptes antipodes (Hombron & Jacquinot, 1841) 
Megadyptes antipodes richdalei nov. ssp., Tennyson & Cole 
Holotype 
NMNZ S.26921 (AD95). Partial skeleton (see Figure 11b – p). A DNA sequence was obtained 
from a rib. This specimen was originally identified as Megadyptes antipodes. 
Paratypes 
NMNZ S.47918 (AD159). Right coracoid. A DNA sequence was obtained from this specimen. 
Collected: P.R. Millener, 19 Feb 1991, Waitangi West, Chatham Island. This specimen was 
originally identified as Eudyptes. Age: past 7000 years cal BP (Millener, 1999). 
NMNZ S.30968. Mandible. DNA extraction was not attempted. Collected: P. R. Millener, 2 
Feb 1992; Maunganui Beach – c.500m west of Takehanga Stream "parking spot", Chatham 
Island. This specimen was originally identified as Eudyptes, re-identified on 5 Apr 2016 as 
Megadyptes. Age: past 7000 years cal BP (Millener, 1999). 
NMNZ S.47765. Premaxilla. DNA extraction was not attempted. Collected: P. R. Millener & 
N. H. Hyde, 12 Feb 1992; Kaingaroa, hill site, Chatham Island. This specimen was originally 
identified as Eudyptes, re-identified as Megadyptes based on premaxilla shape. Age: past 7000 
years cal BP (Millener, 1999). 
NMNZ S.45876 (AD88). Skull (Figure 11a1 – a3). A DNA sequence was obtained from this 
specimen. Collected: H. O. Forbes, Chatham Islands. This specimen was originally identified 
as Megadyptes. Age: past 7000 years cal BP (Millener, 1999). 
CM Av11287 (AD252). Left humerus. A DNA sequence was obtained from this specimen. 
Collected: J. Eyles, 1952, “Chatham Is”. This specimen was originally identified as Eudyptes 
pachyrhynchus. Age: past 7000 years cal BP (Millener, 1999). 
CM (ACAD12997) Unregistered Canterbury Museum. Left humerus (see Supplementary 
Figure 13). A DNA sequence was obtained from this specimen. Collected: R. P. Scofield, Te 
One Dunes, Chatham Island, 2007. This specimen was originally identified as Eudyptes. Age: 
past 7000 years cal BP (Millener, 1999). 
Chapter 2 46 
AM LB12063 (AD301). Part left tibiotarsus. A DNA sequence was obtained from this 
specimen. Collected: M. K. Eagle, northwest Pitt Island, 2002. This specimen was originally 
identified as Eudyptes sp. Age: past 7000 years cal BP (Millener, 1999). 
Etymology 
The subspecies epithet honours Lance Richdale (1900–1983), who carried out pioneering 
studies on Megadyptes ecology. 
Type locality 
Foredune east of Maunganui, Chatham Is. Collected by P. R. Millener, 21 Feb 1989. Age: 
<7000 years cal BP, which is the maximum age of the dunes. A Chatham Island rail 
(Diaphorapteryx hawkinsi) bone from the site dates to 1860 ± 150 14C BP (1996 – 1314 cal BP) 
(Millener, 1999). 
Paratype and stratigraphic context 
All bones in the type series were collected from eroded dune surfaces and were from the 
Chatham Islands archipelago. 
Diagnosis 
A Megadyptes penguin, smaller than M. antipodes and M. waitaha (Supplementary Tables 8 – 
12). M. a. richdalei nov. ssp. represents a genetic lineage comprising distinct haplotypes (>15 
private mitochondrial SNPs) which were not detected in other living or extinct Megadyptes 
populations (Figure 8 and Supplementary Tables 5 – 6). 
Distribution 
Chatham and Pitt Islands (from 43.73°S to 44.23°S). Presumably M. a. richdalei occurred 
around all coasts of the Chatham Islands archipelago. 
Description 
M. a. richdalei is the smallest Megadyptes penguin, being on average 10 – 15% smaller than 
M. antipodes, and approximately 5% smaller than M. waitaha (though size distributions 
overlap; see Supplementary Table 8). Both recently-extinct taxa are smaller than M. antipodes, 
with almost no overlap between the extant and extinct taxa in bone lengths. The skull closely 
resembles that of M. antipodes and differs from the contemporaneous E. warhami in its more 
slender upper beak and shallower mandible (without a pronounced deepening at the midpoint). 
We observed no osteological differentiation between the three Megadyptes taxa that could not 
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be accounted for either by size or individual variation (as reflected in M. antipodes specimens), 
suggesting the proposed postcranial differences between M. antipodes and M. waitaha 
(Boessenkool et al., 2008) cannot consistently differentiate these taxa. Thus, we consider the 
Chatham Megadyptes taxon to represent an instance of isometric dwarfing and recommend the 
two recently extinct forms be recognized as subspecies of Megadyptes antipodes. We follow 
the NZ Bird Checklist Committee (Gill et al., 2010) in defining subspecies using the Diagnostic 
Species Concept, where it is expected that a subspecies will meet 75% diagnosable criteria 
(Amadon, 1949; Patten & Unitt, 2002). The size uncertainty for M. a. richdalei arises from 
minor size variation recorded in appendicular elements from all three subspecies 
(Supplementary Tables 8 – 12). Elements in the cranial and appendicular skeletons generally 
scale isometrically across all three subspecies. The body length of M. a. richdalei is 
approximately 55 – 60 cm (Stonehouse, 1967). The nomenclatural act for M. a. richdalei is 
registered in ZooBank (urn:lsid:zoobank.org:act:169A6F00-1564-4977-B56B-
09005591A88E). 
Comparison (measurements) 
The maximum width of the internarial bar is 5% of the total skull length in both M. a. richdalei 
and M. a. antipodes. The mandible depth is 12% of the mandible length in M. a. richdalei and 
11 – 13% in M. a. antipodes. The proximal width of the coracoid is 29 – 31% of the total 
coracoid length for M. a. richdalei, 30 – 3% for M. a. antipodes and 29 – 33% for M. a. waitaha. 
The maximum width of the humeral head (the humerus proximal width in Supplementary 
Tables 8 – 12) is 29 – 30% of the total length of the humerus in M. a. richdalei and M. a. 
waitaha and 28 – 31% in M. a. antipodes. Likewise, the maximum width at the distal end of 
the humerus is 28 – 31% of the total humerus length in M. a. richdalei, 26 – 29% in M. a. 
waitaha and 27 – 29% in M. a. antipodes. The total length of the humerus is 85% of the total 
length of the coracoid in M. a. richdalei, 84 – 87% in M. a. antipodes and 88 – 89% in M. a. 
waitaha. The total radius length is 76% of the total humerus length and 98% of the total ulna 
length in M. a. richdalei. The radius length ranges from 75 – 79% of the humerus length and 
from 96 – 99% of the humerus length in M. a. antipodes. The carpometacarpus length is 60% 
of the humerus length in M. a. richdalei and 57 – 60% of the length in M. a. richdalei. The 
width of the femur at midway along the shaft is 11% of the total length of the femur in M. a. 
richdalei and 10 – 11% in both M. a. antipodes and M. a. waitaha. The total length of the femur 
in M. a. richdalei is 106% of the length of the humerus; in M. a. antipodes this value is 107 – 
112% and in M. a. waitaha this value is 108 – 110%. The width of the distal end of the 
tibiotarsus is 13% of the total length of the tibiotarsus in M. a. richdalei and 12 – 13% in M. a. 
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antipodes. The total length of the tibiotarsus in M. a. richdalei is 158% of the length of the 
femur and is 153 – 156% in M. a. antipodes. The maximum distal width of the tarsometatarsus 
was measured from the external surfaces of trochleae two and four, and expressed as a ratio of 
the total length of the tarsometatarsus from the distal surface of trochlea three to the proximal 
articular surface. The distal tarsometatarsus proportion for M. a. richdalei is 67% compared to 
63 – 68% for M. a. antipodes and 58 – 69% for M. a. waitaha. The total length of the 
tarsometatarsus in M. a. richdalei is 43% of the length of the femur; in M. a. antipodes this 
value is 41 – 43% and in M. a. waitaha this value is 41 – 45%. 
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Figure 11 (overleaf). Megadyptes antipodes richdalei holotype and paratypes. (a) Paratype skull NMNZ 
S.45876 in (a1) dorsal, (a2) lateral, and (a3) ventral views. (b – p) Holotype NMNZ S.26921 cranial and 
postcranial elements: (b) mandible in (b1) dorsal and (b2) ventral views, (c) left quadrate in (c1) lateral 
and (c2) medial views, (d1) axis, (d2) eight cervical vertebra, (d3) tenth cervical vertebra, (d4) twelfth 
cervical vertebra, (d5) thirteenth cervical vertebra, (d6+d7) undetermined caudal thoracic vertebrae, 
(d8+d9) undetermined caudal vertebrae, all in cranial view, (e1) right and (e2) left coracoid in ventral 
view, (e3) left and (e4) right coracoid in dorsal view, (f) sternum in (f1) ventral and (f2) dorsal view, 
(g1) left and (g2) right humerus in caudal view, (g3) left and (g4) right humerus in cranial view, (h1) left 
and (h2) right radius in dorsal view, (h3) left and (h4) right radius in ventral view, (i1) left and (i2) right 
ulna in dorsal view, (i3) left and (i4) right ulna in ventral view, (k) left ulnar in (k1) dorsal and (k2) ventral 
view, (j1) left and (j2) right carpometacarpus in dorsal view, (j3) right and (j4) left carpometacarpus in 
ventral view, (h3) left and (h4) right carpometacarpus in ventral view, acetabular region of the (l1) left 
and (l2) right side of the pelvis in lateral view, acetabular region of the (l3) left and (l4) right side of the 
pelvis in medial view, (m1) right and (m2) left femur in cranial view, (m3) left and (m4) right femur in 
caudal view, (n1) right and (n2) left tibiotarsus in cranial view, (n3) left and (n4) right tibiotarsus in 
caudal view, (o) right tarsometatarsus in (o1) cranial view and (o2) caudal view), (p) pedal phalanges 
in (p1) dorsal view and (p2 (ventral view). DNA sequences were obtained from both the holotype and 
paratype. Photos: Jean-Claude Stahl, NMNZ. 
Details of Chatham Island Eudyptes sclateri fossil bones 
NMNZ S.47919 (AD207). Right coracoid. A DNA sequence was obtained from this specimen. 
Collected: P. R. Millener, 19 Feb 1991, Waitangi West, Chatham Island. This specimen was 
originally identified as Eudyptes. Age: past 7000 years cal BP (Millener, 1999). 
NMNZ S.37744 (AD297). Part left tibiotarsus. A DNA sequence was obtained from this 
specimen. Collected: A. J. D. Tennyson, 6 Dec 1997, on south bank of stream mouth 300 m 
south of Sandy Point, North Head, Pitt Island, Chatham Islands. This specimen was originally 
identified as Eudyptes sclateri. Age: past 7000 years cal BP (Millener, 1999). 
CM AV7654 (AD86). Cranium. A DNA sequence was obtained from this specimen. Collected: 
Chatham Is., 1950, ?Kinsey collection. This specimen was originally identified as Eudyptes 
?pachyrhynchus. Age: past 7000 years cal BP (Millener, 1999). 
Discussion 
Timing of penguin evolution is linked to island emergence  
While some studies have suggested that crown penguins began radiating in the Eocene (Baker 
et al., 2006), our divergence estimates (Figure 9C and Supplementary Table 13) indicate a 
Miocene origin of crown penguins (Subramanian et al., 2013; Gavryushkina et al., 2017). 
Moreover, our results support the hypothesis that a large proportion of penguins diverged within 
the past two million years (Gavryushkina et al., 2017). We propose that this diversification 
pulse was tied to the emergence of islands, which created new opportunities for isolation and 
speciation. 
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While island emergence can spawn diverse biological radiations, several studies have detected 
island-endemic lineages substantially pre-dating island formation (Lewin, 1985; McCulloch & 
Waters, in press). McCulloch and Waters (in press) suggested that uncertainties in molecular 
dating, especially when divergences are ancient and sequence data is limited, can be 
problematic for branch-length estimation of deeply diverged lineages. However, our estimated 
divergence dates (based on near-complete mitogenomes and well-justified fossil calibration 
points) for most island-endemic penguin taxa (e.g. those restricted to one island/archipelago) 
are consistently younger than the geological estimates of the islands they inhabit (see Figure 
9C and Supplementary Table 13). While the ancestral distributions of clades are not always 
clear, the finding of numerous recently-evolved taxa endemic to geologically-young islands 
(Fleischer et al., 1998; Mendelson & Shaw, 2005) strongly suggests that these lineages evolved 
in situ, rather than being relicts of formerly widespread species. Our study thus provides 
temporal genetic evidence linking penguin speciation to island formation (Figure 9C). 
Our analysis found that Eudyptes sclateri/E. warhami probably diverged from E. robustus/E. 
pachyrhynchus 3.5 – 1.7 mya, following the emergence of the Chatham Islands (3 mya) 
(Campbell et al., 2008). Divergence estimates (95% HPD) for both Megadyptes antipodes 
richdalei (0.4 – 0.1 mya) and Eudyptes warhami (2.5 – 1.1 mya) similarly post-date the 
emergence of the Chatham Islands, and are concordant with divergence estimates for many 
endemic Chatham Islands lineages, including plants (Heenan et al., 2010), insects (Trewick, 
2000) and birds (Mitchell et al., 2014a; Wood et al., 2014; see Figure 12 and McCulloch & 
Waters, in press). While the geological age of The Snares uplift remains unclear (Mortimer et 
al., 2015), our analysis of E. robustus suggests that the islands have been emergent for at least 
1.4 – 0.5 Ma (Nick Mortimer, personal communication). The divergence between E. moseleyi 
and E. chrysocome/E. filholi 2.7 – 1.2 mya corresponds with the emergence of Gough Island 
around 2.5 mya (Maund et al., 1988), and populations presumably dispersed to the younger 
islands of the Tristan da Cunha archipelago, Amsterdam Island, and St Paul Islands (McDougall 
& Ollier, 1982) via the ACC. The divergence between E. chrysolophus chrysolophus and the 
Macquarie Island-endemic E. chrysolophus schlegeli (0.2 – 0.0 mya) is concordant with the 
geological uplift of Macquarie Island 0.7 mya (Adamson et al., 1996). The Galápagos Island-
endemic Spheniscus mendiculus diverged from its sister taxon S. humboldti 1.6 – 0.6 mya, 
shortly after the formation of several islands within this young archipelago (2 mya). Similar 
founder speciation has previously been inferred for numerous Galápagos Island-endemic taxa 
(Parent et al., 2008), including invertebrates (Parent & Crespi, 2006; Sequeira et al., 2008), 
reptiles (Caccone et al., 1999) and birds (Bollmer et al., 2006). 
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Figure 12. Estimated divergence dates of endemic Chatham Islands taxa. The divergence date of each 
taxon has been estimated from its nearest non-Chatham Islands relative, comprising plants (squares), 
invertebrates (circles) and birds (diamonds). Ages of plants are taken from Heenan et al. (2010). Some 
plant taxa were analysed using multiple methods, so for those taxa, each analysis is shown together in 
a cluster. Invertebrates are taken from Trewick (2000), and for each genus the divergence was 
calculated using 2% sequence divergence rate/Ma. Birds are taken from Mitchell et al. (2014a) and 
Wood et al. (2014) and are based on fossil calibrations. The 95% HPD for Eudyptes warhami and 
Megadyptes antipodes richdalei are shown. The thick brown bar represents the emergence of the 
Chatham Islands. Inset shows NZ and the Chatham Islands. 
Our finding that many recent speciation events among penguins are temporally linked to island 
formation may provide important clues for understanding evolutionary patterns in other island-
endemic taxa. Islands are clearly speciation hotspots for terrestrial taxa, but the role of island-
emergence as a driver of speciation in marine taxa remains less clear (however see Mitchell et 
al. 2014a). The shag genus Leucocarbo similarly has endemic taxa associated with almost every 
sub-Antarctic island (Marchant & Higgins, 1990), providing a possible parallel example of 
recent founder speciation in the Southern Ocean. Time-calibrated genomic analysis provides 
an exceptional new tool for understanding the origins of such iconic Southern Ocean 
biodiversity. 
Vulnerability of island taxa to human-induced extinctions 
Our study uncovered two new island-endemic penguin taxa: Eudyptes warhami and 
Megadyptes antipodes richdalei. The presence of their bones in middens, and lack of reliable 
historical sightings, suggests that these taxa were extirpated shortly after human settlement on 
the Chatham Islands post 13th century CE (Maxwell & Smith, 2015). These findings thus 
potentially represent important new examples of human-driven, Holocene extinctions in the 
Pacific. Eudyptes warhami bones (cf. E. clade X; Cole et al., 2019a; Chapter 4) excavated from 
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coastal middens demonstrate that the species was also hunted on mainland NZ (see Cole et al., 
2019a; Chapter 4). However, this does not prove the presence of a local breeding colony. In 
fact, many extant island-endemic Eudyptes species disperse widely during the non-breeding 
period: E. pachyrhynchus (breeds only on mainland NZ) and E. robustus (breeds only on The 
Snares) are commonly observed in southern Australia during winter (Woehler, 1992; Cole et 
al., 2018; Chapter 5; Mattern et al., 2018); and E. sclateri (breeds only on the Antipodes 
Islands) is commonly observed in NZ (Robertson et al., 2017). As E. warhami is relatively rare 
in mainland subfossil penguin assemblages (represented by only seven specimens among 
hundreds of genetically-identified penguin bones; Boessenkool et al., 2008; Rawlence et al., 
2015a; Grosser et al., 2016; Cole et al., 2019a; Chapter 4), these mainland records fit the pattern 
that would be expected for non-breeding E. warhami individuals. In contrast, no Megadyptes 
antipodes richdalei bones have been detected in mainland subfossil assemblages (Boessenkool 
et al., 2008; Rawlence et al., 2015a; Cole et al., 2019a; Chapter 4). This pattern fits with the 
limited dispersal exhibited by extant Megadyptes populations (Boessenkool et al., 2009). 
Conclusions 
We found strong evidence for a Neogene radiation of crown penguins, and provide the first 
compelling evidence that island emergence drove Plio-Pleistocene penguin diversification. 
Such processes may also have driven diversification in the deeper past, as fossil data show 
much higher penguin diversities than present once existed in NZ (Ksepka & Ando, 2011), 
Antarctica (Jadwiszczak, 2006), Australia (Park & Fitzgerald, 2012), and Africa (Thomas & 
Ksepka, 2013). However, as most fossils from these regions are restricted to continental 
localities, and many islands have scant fossil records, the role of island formation in penguin 
diversification in the deep past remains obscured. Accordingly, if rates of island-mediated 
speciation were as high throughout the Cenozoic as in the Plio-Pleistocene, it is conceivable 
that fossils for a major proportion of extinct penguin taxa will never be found. 
Previous studies based on traditional species concepts have struggled to account for recently-
evolved biological diversity. Particularly relevant are scenarios of species ‘divergence with 
geneflow’, where introgression may occur among closely-related linages (Rheindt & Edwards, 
2011). Although introgression between closely related penguin species within Spheniscus and 
Eudyptes has occasionally been reported (Napier, 1968; Woehler & Gilbert, 1990; White & 
Clausen, 2002; Simeone et al., 2009; Morrison & Sagar, 2014) solid confirmatory genetic 
evidence is lacking (see also Chapter 3). While this current study does not address the 
Chapter 2 53 
possibility of introgression among penguin taxa (see Mays et al., in press), genome-wide SNP 
analyses provide insights into this question for penguins (Chapter 3). 
While our results reinforce the importance of islands in generating biodiversity, they also 
underscore the role of humans as agents of biodiversity loss, especially via the extinction of 
island-endemic taxa (Duncan et al., 2013; Valente et al., 2019). Today only Eudyptula minor 
breeds on the Chatham Islands, yet 500 years ago the archipelago held substantial penguin 
diversity, with two endemic taxa (Eudyptes warhami and Megadyptes antipodes richdalei; see 
Figure 13) alongside Eudyptula minor and possibly Eudyptes sclateri. As many of the bones 
were from middens, our results provide direct evidence that E. warhami was hunted by humans. 
Although no Megadyptes antipodes richdalei remains examined in this study were directly 
associated with human activity, the near-simultaneous disappearance of both this subspecies 
and Eudyptes warhami suggests that both extirpations were linked to the arrival of humans to 
the Chatham Islands. Our results further emphasise the value of aDNA for elucidating 
biodiversity shifts, including the dramatic rise and fall of island avifauna (Waters & Grosser, 
2016). 
 
Figure 13. Artist impression of Eudyptes warhami and Megadyptes antipodes richdalei. Eudyptes 
warhami is in the foreground and a single Megadyptes antipodes richdalei is in the background (far 
right). Artist: Sean Murtha, 2018. 
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Supplementary Figures for Chapter 2 
 
Supplementary Figure 1. Bayesian phylogenetic tree of penguins, with all aDNA COI sequences from 
Chatham Islands bone samples. Prehistoric samples have AD numbers. Four bones from the Chatham 
Islands are identified as Megadyptes antipodes richdalei, one is Megadyptes antipodes ssp. 
(Megadyptes in purple), two are Eudyptes sclateri (orange) and 11 fall with Eudyptes clade X from 
mainland NZ (red; discussed in Cole et al., 2019a; Chapter 4]). Posterior probabilities >0.95 for the main 
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Supplementary Figure 2. Minimal-spanning haplotype network for Eudyptes penguins based on aDNA 
CR sequences. Coloured circles represent different taxa, with the number within and size of the circle 
representing the number of samples that had that haplotype. Small black circles represent haplotypes 
that were absent from the dataset. E. warhami (cf. E. clade X) samples are in red. Chatham Islands E. 
sclateri are shown in orange (AD86 and AD297) compared to E. sclateri from the NZ North Island  and 
Campbell Island. Note, AD297 (Chatham Islands) shares a haplotype with an E. sclateri sample from 
Campbell Island, and AD86 (Chatham Islands) shares a haplotype with an E. sclateri sample from the 
North Island. 
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Supplementary Figure 3. MapDamage reports for the final round of mapping of six partial ancient 
mitogenomes to the Megadyptes antipodes richdalei (ACAD 12997) mitogenome. The top panels show 
the characteristic high frequency of purines (A and G) immediately before the reads. The lower panels 
show the accumulation of 5’ C to T (red) and 3’ G to A (blue) misincorporations characteristic of aDNA. 
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Supplementary Figure 4. MapDamage reports for the final round of mapping of six partial ancient 
mitogenomes to the Megadyptes antipodes richdalei (ACAD 12997) mitogenome (for all Megadyptes 
samples) or to the Eudyptes sclateri mitogenome (for all Eudyptes samples). The top panels show the 
characteristic high frequency of purines (A and G) immediately before the reads. The lower panels 
show the accumulation of 5’ C to T (red) and 3’ G to A (blue) misincorporations characteristic of aDNA. 
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Supplementary Figure 5. MapDamage reports for the final round of mapping of six partial ancient 
mitogenomes to the Eudyptes sclateri mitogenome. The top panels show the characteristic high 
frequency of purines (A and G) immediately before the reads. The lower panels show the accumulation 
of 5’ C to T (red) and 3’ G to A (blue) misincorporations characteristic of aDNA. 
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Supplementary Figure 6. MapDamage reports for the final round of mapping of five partial ancient 
mitogenomes to the Eudyptes sclateri mitogenome. The top panels show the characteristic high 
frequency of purines (A and G) immediately before the reads. The lower panels show the accumulation 
of 5’ C to T (red) and 3’ G to A (blue) misincorporations characteristic of aDNA. 
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Supplementary Figure 7. Uncalibrated phylogenetic tree(s) across all modern penguin taxa inferred 
from 36 mitogenomes (Sphenisciformes only) and 37 mitogenomes (Sphenisciformes and 
Procellariiformes). The main phylogeny was run with Phoebastria albatrus as the outgroup, with 
posterior probabilities represented below each branch (blue). Posterior probabilities above each 
branch (purple) was achieved when the phylogeny was run without P. albatrus, and therefore there is 
no posterior probability for Sphenisciform/Procellariform divergence for that analysis. Large black 
posterior probabilities (also above the line), were obtained from both analyses. Inset A shows those 
posterior probabilities that could not be visually incorporated into the main figure, for the clade 
representing Eudyptes warhami. Inset B is taken directly from the B/C box, and can be compared with 
Inset C, which shows posterior probability and topology differences (specifically for AD419) when the 
analysis was conducted without Phoebastria albatrus. 
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Supplementary Figure 8. Uncalibrated phylogenetic trees(s) across all modern penguin taxa inferred 
from up to 24 of the highest-quality mitogenomes, using four different alignments. 1) one 
representative of each taxa, with Phoebastria albatrus as the outgroup (blue); 2) one representative 
of each taxa, where we consider Megadyptes antipodes antipodes/M. a. richdalei as conspecific and 
Eudyptes chrysolophus chrysolophus/E. c. schlegeli as conspecific, with Phoebastria albatrus as 
outgroup (yellow); 3) one representative of each Sphenisciform taxon only (purple); and 4) one 
representative of each Sphenisciform taxon only, where we consider M. antipodes antipodes/M. 
antipodes richdalei as conspecific and Eudyptes chrysolophus chrysolophus/E. c. schlegeli as 
conspecific. Posterior probabilities of 1 were consistent for all analyses. The only inconsistency in the 
topology was the placement of Eudyptes chrysolophus chrysolophus and E chrysolophus schlegeli 
within Eudyptes, and this is shown in the inset. 
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Supplementary Figure 9. Calibrated phylogenetic trees across all modern penguin taxa inferred by the 
highest-quality mitogenomes using Phoebastria albatrus as an outgroup. The yellow circles show the 
nodes that were calibrated in each analysis. Posterior probabilities were all >0.99 except when 
indicated with the orange square. 95% HPD error bars are shown for each node. A) has all calibration 
points except Waimanu manneringi; B) has all calibration points including W. manneringi; and C) has 
only the W. manneringi calibration point. 
Chapter 2 63 
 
Supplementary Figure 10. Calibrated phylogenetic trees across all modern penguin taxa using a 
conservative approach, where we consider Eudyptes chrysolophus chrysolophus and E. c. schlegeli and 
Megadyptes antipodes antipodes and M. a. richdalei as conspecific. A) was run with a birth-death 
speciation prior; and B) was run with calibrated Yule speciation prior. Posterior probabilities were 
>0.95 except when indicated with the orange square (Spheniscus + Eudyptula + Eudyptes + Megadyptes 
group, A: 0.46, B: 0.62; Eudyptes chrysolophus schlegeli, A: 0.93, B: 0.94). When we analysed the same 
samples as an uncalibrated phylogeny, Aptenodytes/Pygoscelis had a lower posterior probability  of 
0.85 (indicated by the black square), and Eudyptes chrysolophus schlegeli was recovered as basal to all 
Eudyptes (posterior probability: 0.95, not shown). The yellow circles show the nodes that were 
calibrated in each analysis. 95% HPD error bars are shown for each node. 
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Supplementary Figure 11. Calibrated phylogenetic trees across all modern penguin taxa inferred by 
the highest-quality mitogenomes for two evolutionary models. A) was run with a birth-death 
speciation prior; and B) was run with calibrated Yule speciation prior. Fossil calibrations are marked 
with a yellow circle. Posterior probabilities were all >0.99, except when indicated with the orange 
square (Megadyptes antipodes antipodes/M. a. richdalei group, A: 0.88, B: 0.88; Eudyptes, A: 0.75, B: 
0.74). 95% HPD error bars are shown for each node. 
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Supplementary Figure 12. Megadyptes antipodes richdalei paratype. Unregistered Canterbury 
Museum specimen (sample ACAD12997). Photo Jamie Wood. 
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Abstract 
Climate shifts are key drivers of ecosystem change. Despite the critical importance of 
Antarctica and the Southern Ocean for global climate, the extent of climate-driven ecological 
change in this region remains controversial. In particular, the biological effects of rapidly 
changing sea-ice conditions remain poorly understood. We hypothesise that rapid post-glacial 
reductions in sea-ice drove biological shifts across multiple widespread Southern Ocean 
species. We test for demographic shifts driven by climate events over recent millennia by 
analysing population-genomic datasets spanning 12 Southern Ocean penguin taxa across three 
genera (Eudyptes, Pygoscelis and Aptenodytes). Demographic models for Eudyptes filholi, E. 
chrysolophus chrysolophus, E. c. schlegeli, Aptenodytes patagonicus, A. forsteri, Pygoscelis 
adeliae, P. papua and P. antarcica that inhabit Antarctic and sub-Antarctic coastlines affected 
by heavy sea-ice conditions during the LGM yielded genetic signatures of near-simultaneous 
population expansions that were likely associated with post-glacial warming. Of these eight 
taxa, populations of the ice-adapted A. forsteri began to expand slightly earlier than those taxa 
requiring ice-free terrain. These expansion events contrast with the relatively stable 
demographic histories inferred for four penguin taxa: Eudyptes moseleyi, E. chrysocome, E. 
pachyrhynchus and E. robustus persisting in ice-free habitats. Shallow genetic structure was 
also detected in all ice-affected taxa across the vast Southern Ocean, consistent with rapid post-
glacial colonisation of sub-Antarctic and Antarctic shores. Together, these analyses 
demonstrate dramatic, ecosystem-wide responses to Southern Ocean climate change, and 
highlight potential for rapid biological shifts in Antarctica as climate warming continues. 
Introduction 
Climate change is substantially impacting the abundance and distribution of the planet’s 
wildlife, with many species’ ranges shifting poleward as a result of climate warming (Chen et 
al., 2011). Large-scale shifts also occurred following the end of the LGM (18 – 25 kya) (Hewitt, 
2000; Davis & Shaw, 2011; Reid et al., 2019), with temperate refugial populations of many 
Chapter 3 95 
species expanding into the high latitudes. While such range shifts are apparently readily 
achieved in Northern Hemisphere continental regions where terrestrial habitats are more 
continuous (Parmesan & Yohe, 2003), the challenges of climate change can be particularly 
pronounced for isolated and fragmented populations which rely on long-distance dispersal 
(Trakhenbrot et al., 2005). Importantly, many high-latitude coastal and terrestrial ecosystems 
of the Southern Hemisphere are isolated by substantial oceanographic barriers (Figure 14; see 
Clucas et al., 2018 and Frugone et al., 2018), with several Southern Ocean circumpolar fronts 
(such as the STF and the APF), potentially representing physical and thermal barriers to 
southward range expansion of some species (Fraser et al., 2011). 
Understanding past shifts in species distributions is crucial for forecasting responses to 
contemporary and future climate change. Currently, there is considerable uncertainty 
surrounding the extent to which high-latitude populations might have persisted in the Southern 
Ocean throughout the LGM versus the extent of post-LGM range expansion (Fraser et al., 2009; 
Fraser et al., 2011, González-Wevar et al., 2011, González-Wevar et al., 2012, González-
Wevar et al., 2013, González-Wevar et al., 2016, Fraser et al., 2013; Younger et al., 2016; 
Carrea et al., 2019; Chau et al., 2019). Recent data hint at major ecosystem-wide change that 
followed reductions in winter sea-ice (Burg & Croxall, 2001; Ritchie et al., 2004; Fraser et al., 
2009; Clucas et al., 2014; Trucchi et al., 2014; Younger et al., 2015a; Younger et al., 2015b; 
Younger et al., 2015c; Cristofari et al., 2016; Younger et al., 2016; Cristofari et al., 2018; 
Rexer-Huber et al, in press). Past biological expansions into habitats freed from receding ice 
can potentially be reconstructed via genetic analysis of modern populations (Hewitt, 2000; 
Waters et al., 2013; Rexer-Huber et al., in press). Crucially, while several studies of Southern 
Ocean species have detected relatively shallow genetic structure consistent with recent 
demographic shifts (e.g. Fraser et al., 2009, Cristofari et al., 2016; Younger et al., 2016; Clucas 
et al., 2018; Cristofari et al., 2018; Frugone et al., 2018; Chau et al., 2019; Rexer-Huber et al., 
in press), a comprehensive genome-wide assessment of Southern Hemisphere assemblages is 
lacking. Moreover, responses to climate change may vary substantially among taxa (Carrea et 
al., 2019; Maggs et al., 2008; Stewart et al., 2010). Therefore, distinguishing between concerted 
(multi-species assemblages) shifts versus idiosyncratic (single-species) changes is needed to 
understand how Southern Hemisphere ecosystems might respond to future anthropogenic 
climate change (Walther et al., 2012). 
Penguins are iconic flightless marine birds that inhabit coastlines of all major Southern 
Hemisphere landmasses, with much of their species diversity currently located in Antarctica 
and the surrounding sub-Antarctic islands (south of the STF; see Figure 14 and Supplementary 
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Figure 13). Although most penguins are philopatric to their natal colonies (García Borboroglu 
& Boersma, 2013), some disperse vast distances, sometimes traversing major oceanographic 
fronts (see also Mattern et al., 2018). As penguins spend much of their lives at sea (Thiébot et 
al., 2012) they represent important components of both coastal and marine ecosystems across 
the Southern Ocean (Woehler et al., 2011). In this study, we test for concerted biological 
responses to climate change by analysing several thousand SNPs across 12 Antarctic, sub-
Antarctic and temperate penguin taxa. We detect strong genomic signatures of population 
expansions in all penguin taxa currently distributed largely within the LGM sea-ice zone, 
consistent with concerted re-colonisation of Antarctic and sub-Antarctic coasts during post-
LGM climate warming. These southern expansion events are in stark contrast to relatively 
stable recent demographic histories inferred for four temperate penguin taxa. Our results 
suggest consistent population dynamics in response to postglacial ice reduction, and 
demonstrate the potential for rapid change to Southern Ocean ecosystems under future climate 
warming. 
 
Figure 14. Sampling locations and genetic structure of 12 Eudyptes, Pygoscelis and Aptenodytes 
penguins. The map (adapted from Fraser et al., 2011) shows the ACC, the STF, the APF, modern 
summer and winter sea-ice, inferred winter sea-ice during the LGM (see Gersonde et al., 2005, Fraser 
et al., 2009 and Fraser et al., 2011), sea-level during the LGM (green) and glaciation during the LGM 
(white). Structure plots for all 12 taxa are displayed; the top plot for each taxon represents the most 
likely number of genetic clusters (K), the middle plot for each taxon show a higher value of K that may 
Chapter 3 97 
represent subtle genetic structure (without location priors), and the bottom plot for each taxon 
represents the same higher value of K, with location priors (Loc). The coloured bar underneath the 
bottom plots indicates which population belongs to a given taxon (e.g. for Eudyptes chrysolophus 
chrysolophus and E. c. schlegeli) or which populations were analysed in downstream analyses (e.g. 
Pygoscelis papua). Structure plots for Aptenodytes and Pygoscelis penguins are adapted from Clucas 
et al. (2016), Younger et al. (2017) and Clucas et al. (2018). With the exception of P. papua, all Structure 
analyses demonstrated a most likely K of one, with low population differentiation (FST) values (global 
FST is shown beside each taxon). Numerical codes for each sampling location is noted on the map and 
underneath each structure plot; FAL, PEB and NEW are Falkland Islands; SSH is South Shetland Islands; 
ELE is Elephant Island; SOR is South Orkney Islands; SGE is South Georgia; SSI is South Sandwich Islands; 
BOU is Bouvet; GOU is Gough Island and Tristan da Cunha; MAR is Marion Island, PEI is Prince Edward 
Islands; CRZ is Crozet; KER is Kerguelen; AMS is Amsterdam island; MAC is Macquarie Island; CAM is 
Campbell Island; AUC is Auckland Islands; ANT is Antipodes Islands; SNA is The Snares, WES is Western 
Chain; COD is Codfish Island, MIL is Milford Sound, JAC is Jackson Head; PET is Peterman Island; ORN 
is Orne Harbour; JOU is Jougla Point; GEO is George’s Point; BRO is Brown Bluff, GOB is Gould Bay; HAL 
is Halley Bay; FOL is Fold Island; BÉC is Béchervaise Island; AUS is Auster; WEL is Welch Island; AMA is 
Amanda Bay; BLA is Blakeney Point; POI is Point Géologie, PÉT is Pétrels Island; ROG is Cape Roget and 
WAS is Cape Washington. Refer to Supplementary Figure 13 for specific sampling locations. 
Materials and Methods 
We generated a novel Eudyptes dataset. Following filtering (see below) this dataset spans E. 
chrysolophus chrysolophus/E. c. schlegeli (n = 125), E. moseleyi (n = 8), E. chrysocome (n = 
26), E. filholi (n = 71), E. pachyrhynchus (n = 21) and E. robustus (n = 5), comprising thousands 
of SNPs that were generated using Diversity Arrays Technology Pty Ltd (DArT-seq™) 
technology (see Supplementary Table 14). In addition to our novel Eudyptes dataset, we also 
obtained filtered Restricted site Associated DNA Sequencing (RAD-seq) datasets from an 
additional five penguin taxa that were generated by Clucas et al. (2016), Younger et al. (2017) 
and Clucas et al. (2018), comprising Pygoscelis antarctica (n = 44), P. adeliae (n = 87), P. 
papua (n = 67), Aptenodytes forsteri (n = 110) and A. patagonicus (n = 64) (see Supplementary 
Tables 15 – 16). 
Sampling and DNA Extraction 
Blood, tissue or feathers were obtained from 428 wild Eudyptes penguins encompassing the 
breeding distributions of seven taxa (see above; Supplementary Figure 13 and Supplementary 
Table 14). DNA was extracted from each sample using the Qiagen DNeasy® Tissue Extraction 
Kit (Qiagen Inc., Chatsworth, California, USA) at MWLR, Lincoln or at the University of 
Oxford, Oxford. Several modifications were made to the user protocol, depending on the tissue 
type (blood suspended in QL buffer, blood suspended in EtOH, freeze-dried blood cells, tissue 
or feathers). Specifically, we (1) increased the amount of ProtK to 40 µL and added 5 μL of 
RNase to all samples; (2) we did not include any PBS to samples that had been suspended in 
QL buffer; (3) for freeze-dried samples, we increased the lysis incubation to 45 min and 
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increased the purification incubation to 15 min; (4) for feathers, we increased the digestion to 
24 h at 56°C, and then raised the temperature to 60°C for the final 15 min of the digestion; (5) 
after adding ‘AL’ buffer (Qiagen), we incubated all samples at 70°C for 45 min, and 
precipitated the DNA in cold 100% EtOH, and (6) we eluted the feather samples in 100 µL of 
‘AE’ (Qiagen) buffer twice; first at 70°C for 15 min, and then we recycled the buffer to the spin 
column membrane, incubating for an additional 5 min. We did not modify the user protocol for 
tissue samples. The quality and quantity of each DNA sample was assessed using a qubit 
fluorometer, or on a 1% agarose gel in 0.5 X TBE. We diluted samples to a final concentration 
of 50 – 100 ng/µL. For those samples that were already too dilute, we combined multiple DNA 
extractions from the same individual (see Supplementary Table 14), and concentrated the 
combined DNA using a speedvac to reduce the volume to a minimum of 10 µL. We tested for 
buffer-activated nucleases in our DNA extractions by combining 1 µL of each DNA sample 
with 10 X restriction enzyme buffer and 8 µL RO H2O, incubating each sample at 37°C for 2 
h. Following incubation, the quality of each sample was visualised on a 0.8% agarose gel in 0.5 
X TBE. 282 of the highest quality samples, which encompassed all Eudyptes taxa (except E. 
sclateri), were retained for library preparation. 
DArT-Seq™ library preparation and SNP discovery 
Library preparation for SNP discovery was characterised using DArT-seq™ in Canberra, 
Australia. DArT-seq™ represents a combination of DArT complexity reduction methods and 
NGS platforms (Kilian et al., 2012; Courtois et al., 2013; Cruz et al., 2013; Raman et al., 2014). 
DArT-seq™ is a relatively recent addition to established genomic sequencing methods, such as 
RAD-seq (Baird et al., 2008) and Genotyping by Sequencing (GBS; Elshire et al., 2011), and 
has been used in several population genomic studies of wild organisms (e.g. Morales et al., 
2018; de Oliveira et al., 2019). DArT-seq™ SNP selection is optimised for each organism by 
selecting the most appropriate complexity reduction method, including the size of the 
representation and the fraction of the genome selected for assays. For our Eudyptes samples, 
the Pstl-Hpall method was chosen. Each DNA sample was processed following Kilian et al. 
(2012), but replacing a single Pstl-compatible adaptor with two additional adaptors that 
corresponded to two different restriction enzyme overhangs (Sansaloni et al., 2011). The Pstl 
compatible adaptor was designed to include the Illumina flow-cell attachment sequence, the 
sequencing primer sequence and the barcode region (similar to GBS; see Elshire et al., 2011). 
The reverse adaptor contained a flow-cell attachment region and the Hpall-compatible 
overhanging sequence. Initial denaturation during PCR was undertaken at 94°C for 1 min, 
followed by 30 cycles of 94°C for 20 s, 58°C for 30 s, 72°C for 45 s, with a final extension at 
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72°C for 7 min. Following PCR, equimolar amounts of amplification products from each 
sample were bulked and applied to a c-Bot (Illumina) bridge PCR, which was run for 77 cycles, 
and was followed by single-read sequencing across three lanes on an Illumina Hiseq 2500. 
Sequences generated from each lane were initially processed using an in-house DArT analytical 
pipeline. Poor quality sequences were removed from the fastq files, while applying stringent 
criteria to the barcode region, in comparison to the rest of the genome. This ensured that the 
assignments of the sequences to our specific DNA samples were reliable. Approximately 
1,290,000 (plus or minus seven percent) sequences per library, and 1,550,000 sequences per 
sample were used in the marker calling. To ensure repeatability, the bioinformatic procedure 
for 53 samples was replicated. Specific filtering included; (1) filtering of the barcode region, 
with a minimum Phred mass score of 30, and a minimum pass percentage of 75; (2) filtering of 
the whole read quality, with a minimum Phred score of 10, and a minimum pass percentage of 
50, while identical sequences were collapsed into the fastqcall file. The fastqcall file was then 
used in a secondary in-house pipeline for DArT proprietary SNP and SilicoDArT calling 
algorithms, which included the presence or absence of restriction fragments in representation. 
All unique sequences from the set of Fastqcol files were clustered by sequence similarity at a 
distance threshold of 3 bp. The sequence clusters were then parsed into SNP and silicoDArT 
markers, while utilising a range of metadata parameters derived from the quantity and 
distribution of each sequence across all samples, combined with previous experience of 
Mendelian behaviours of DArT-seq™ markers. Given a high level of technical replication was 
included in the DArT-seq™ genotyping process, reproducibility scores were able to be 
calculated for each candidate marker. The candidate markers output by ds14 were further 
filtered on the basis of the reproducibility values (>95%), average count for each sequence 
(based on the sequencing depth) and the call rate (the proportion of samples for which the 
marker was scored). Only 21 samples failed the sequencing pipeline, so our resulting dataset 
consisted of 134,907 SNPs across 261 Eudyptes penguins (see Supplementary Table 14). 
To increase the sample size for each Eudyptes colony, we grouped samples that were collected 
from the same island archipelago (see Supplementary Table 14). We used the DartR vignette 
v1.1.6 (Gruber et al., 2018) in R v.3.5.1 (R Core Team, 2018) to prepare the DArT-seq™ data 
for downstream analyses. There are occasional taxonomic uncertainties between closely related 
Eudyptes taxa (Banks et al., 2006; Jouventin et al., 2006; Christidis & Boles, 2008; Jouventin 
& Dobson, 2017; Frugone et al., 2018; Frugone et al., 2019; Mays et al., in press; see also Cole 
et al., 2019b; Chapter 2; Cole et al., 2019a; Chapter 4; Cole et al., 2018; Chapter 5). Therefore 
we filtered 10 datasets separately: (1) all samples; (2) E. chrysolophus chrysolophus and E. c. 
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schlegeli; (3) E. filholi, E. chrysocome and E. moseleyi; (4) E. filholi and E. chrysocome; (5) E. 
filholi; (6) E. chrysocome; (7) E. moseleyi; (8) E. pachyrhynchus and E. robustus; (9) E. 
pachyrhynchus; and (10) E. robustus (see Supplementary Table 15). Specifically, we filtered 
(1) reproducibility (gl.filter.repavg; t=1, a measure applicable only to DArT-seq™); (2) 
removed invariant sites that had resulted from the removal of populations or individuals when 
creating each initial dataset (gl.filter.monomorphs); (3) all loci that had call rates <95% 
(gl.filter.callrate; method ‘loc’); (4) discarded all individuals with a call rate of <90% 
(gl.filter.callrate; method ‘ind’); (5) all loci with trimmed sequence tags that could be 
paralogues (gl.filter.hamming); and (6) all loci that exhibited departures from Hardy Weinberg 
Equilibrium in any colony (gl.filter.hwe; P = 0.05 following Bonferroni correction). DartR, 
PGDSpider (Lischer & Excoffier, 2012) and easySFS 
(https://github.com/isaacovercast/easySFS) were used to convert our neutral set of SNPs to 
other formats for downstream analyses. Analyses were undertaken on the NZ eScience 
Infrastructure (NeSI) and the CIPRES scientific gateway. 
Phylogenomic analysis of single nucleotide polymorphism data 
The use of SNP datasets in phylogenetics has been recently assessed, with overall support for 
the method (Gonen et al., 2015; DaCosta & Sorenson, 2016), especially for studies involving 
recently diverged taxa, such as Eudyptes. RAxML remains one of the best methods for inferring 
ML phylogenies (Stamatakis, 2006; Stamatakis, 2014). To clarify the evolutionary 
relationships among our Eudyptes penguin samples, we created a ML phylogeny using 
RAxML-HPC v.8.2.1 (Stamatakis, 2006; Stamatakis, 2014). We followed phylogenetic 
methods in Buckley et al. (2018). Specifically, we removed all missing sites, and all 
heterozygous states were resolved by randomly assigning one or the other SNP variant to the 
individual using the DartR function gl2fasta in R. We then used Phrynomics v.2.0 
(https://github.com/bbanbury/phrynomics) to ensure that all invariable sites had been removed, 
resulting in a final alignment consisting of 2241 SNPs. We created 20 independent ML tree 
inferences, drawing bootstrap support from 1000 replicates on the best scoring topology. 
Searches were conducted under the GTRGAMMA nucleotide substitution model, and we 
applied an ascertainment bias using the Lewis correction model. The best scoring ML tree was 
visualised using FigTree v.1.4.2 (http://tree.bio.ed.ac.uk/). 
Population genomic summary statistics 
We undertook similar population summary statistics and structure analyses for Eudyptes as has 
previously been implemented for Pygoscelis and Aptenodytes, based on the RAD-seq data 
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(Clucas et al., 2016; Younger et al., 2017; Clucas et al., 2018). Summary statistics were 
calculated from the separate datasets containing each Eudyptes taxon (Supplementary Table 15 
and 17). Within each colony, the number of private alleles were calculated using poppr v.2.8.1 
(Kamvar et al., 2014; Kamvar et al., 2015) in R. The observed (HO) and expected heterozygosity 
(HE) and the inbreeding coefficient (GIS) were calculated using Genodive v2.0b27 (Nei, 1987; 
Meirmans et al., 2014). In addition, we calculated AMOVA-based global population 
differentiation (FST) indices (Excoffier, 1995) for each of the 10 datasets using 999 permutations 
in Genodive. Finally, we used the StAMPP v.1.5.1 package (Pembleton et al., 2013) in R to 
measure pairwise FST for each dataset. 95% confidence intervals (CIs) and P-values were 
generated by calculating FST over 10,000 bootstraps. To account for multiple testing, we 
corrected the critical P-values using the Holm-Bonferroni sequential criterion (Holm, 1979). 
Population genomic structure 
Genetic clusters within each Eudyptes dataset were visualised using three methods. We first 
implemented a principal coordinates analysis (PCoA) using adegenet (Jombart & Collins, 
2015). We then used Structure v.2.3.4 (Pritchard et al., 2000) via Structure Threader 
(https://github.com/StuntsPT/Structure_threader; Pina-Martins et al., 2017) to model 
population structure under a Bayesian framework using the admixture model with allele 
frequencies correlated across populations (e.g. the ‘F’ model; Falush et al., 2013). Each analysis 
was conducted 20 times for 150 million MCMC steps, with the first 50,000 iterations discarded 
as burnin. With the exception of the global dataset that encompassed all species, each analysis 
was run twice, with and without location priors. We used the Evanno method (Evanno et al., 
2005) to estimate the most likely number of genetic clusters (K) for each dataset 
(Supplementary Table 18), running K values from 1 to n + 2 (where n is the number of 
populations sampled per species), using Structure Harvester core version vA.2 (Earl & von 
Holdt, 2012). Exploring different values of K can be helpful to gain insights into different levels 
of genetic structure (e.g. Gilbert et al., 2012; Janes et al., 2017), especially in populations with 
limited structure (e.g. Aptenodytes forsteri: Cristofari et al., 2016, Younger et al., 2017 and 
Eudyptes chrysolophus chrysolophus/E. c. schlegeli: Frugone et al., 2018, Frugone et al., 2019). 
Therefore, we present Structure results that represent different values of K. In addition, we 
undertook a discriminant analysis of principal components (DAPC) of each dataset using 
adegenet. We ran the DAPC analysis a second time for each dataset, with individuals grouped 
by their colony of origin. Cross-validation with 1000 replicates was used to determine the most 
appropriate number of PCs to retain, as suggested by Jombart and Collins (2015). 
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Introgression between species and colonies 
We tested for introgression between Eudyptes colonies, and within Pygoscelis adeliae and P. 
papua by employing the SNAPP tree set analyser implemented in BEAST v.2.4.7 (Bouckaert 
et al., 2014). We limit our analysis to the above taxa as Clucas et al. (2016), Younger et al. 
(2017) and Clucas et al. (2018) previously undertook SNAPP analyses for Aptenodytes 
patagonicus, A. forsteri and Pygoscelis papua (see Supplementary Figure 14). For Eudyptes, 
we grouped the most closely related taxa together: (1) E. c. chrysolophus/E. c. schlegeli; (2) E. 
moseleyi, E. chrysocome and E. filholi; and (3) E. pachyrhynchus and E. robustus, based on our 
Structure results and the taxonomic literature (as above). Mutation rates were calculated based 
on the data in the alignment. We ran the analysis up to 100 million MCMC samples, logging 
parameters every 10,000 trees with a pre-burnin of 5000. We assessed convergence using Tracer 
v.1.6.0 (http://beast.bio.ed.ac.uk/) until ESS values were greater than 200. Because SNAPP is 
computationally demanding, each Eudyptes analysis was conducted three times and each 
Pygoscelis adeliae and P. antarctica analysis was run twice, while assigning two different 
individuals per colony to each of the replicates (Supplementary Table 19). As such, we were 
better able to detect if there are fine-scale differences (e.g. genetic structure) that may influence 
the topology. DensiTree v.2.4.7 (Bouckaert & Heled, 2014) was used to visualize the posterior 
distributions of topologies as cloudograms. 
Testing for demographic expansions in Eudyptes, Pygoscelis and Aptenodytes 
We reconstructed the demographic histories for the 12 penguin taxa over the 1,000,000 years, 
by estimating the time and magnitude of demographic changes using five different approaches 
(Eudyptes moseleyi and E. robustus were excluded from some analyses due to low sample size). 
Specifically, we reconstructed the demographic histories using CubSFS (Waltoft & Hobolth, 
2018); used Fastsimcoal2 (Excoffier et al., 2013) to estimate the effective population size (Ne) 
at five different late-Quaternary time periods; obtained Tajima’s D; identified the change in 
theta values as inferred by our previous SNAPP analyses; and tested for synchronous expansion 
using Multi-dice (Xue & Hickerson, 2017). 
Previous studies have suggested that there may be shallow genetic structure within Pygoscelis 
and Aptenodytes taxa (Clucas et al., 2014; Younger et al., 2015a; Clucas et al., 2016; Cristofari 
et al., 2016; Levy et al., 2016; Vianna et al., 2017; Younger et al., 2017; Clucas et al., 2018; 
Cristofari et al., 2018) (see Figure 14). We interpret this shallow genetic structure (based on 
low FST and estimated K of 1) to represent a scenario of high gene flow, and consider Pygoscelis 
antarctica, P. adeliae, Aptenodytes forsteri and A. patagonicus as single panmictic populations. 
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To account for the genetic structure observed in P. papua (e.g. four distinct lineages; Clucas et 
al., 2018; see Figure 14), we focussed our CubSFS analysis on individuals from the South 
Shetland Islands and the West Antarctic Peninsula (Jougla Point and George’s Point) (see 
Figure 14). Filtering of these P. papua individuals was undertaken using VCFtools (Danecek 
et al., 2011) and applying a minor allele frequency (MAF) of 0.01. 
We applied further filtering to ensure our datasets (DArT-Seq versus RAD-Seq) were consistent 
with one another (except SNAPP, see below). We used VCFtools (Danecek et al., 2011) to 
apply further filtering to five DArT-seq Eudyptes datasets (E. chrysolophus chrysolophus/E. c. 
schlegeli, E. chrysocome, E. moseleyi, E. filholi, E. pachyrhynchus; E. robustus was not 
included due to low sample sizes), and the RAD-seq datasets. Specifically, we filtered 
the Eudyptes datasets with a MAF of 0.01, reflecting the filtering described in Clucas et al. 
(2018). For the Aptenodytes and Pygoscelis datasets, we filtered loci with call rates <95%, and 
individuals with call rates <90%, reflecting the filtering for the Eudyptes samples (consistent 
with the data obtained in this study). For all demographic analyses, we considered E. c. 
chrysolophus and E. c. schlegeli as conspecific, based on our genetic structure and 
phylogenomic results. 
Testing for demographic expansions using CubSFS 
We used CubSFS v1.0 to test for demographic expansions among all taxa, except Eudyptes 
robustus due to limited sample sizes. For each Eudyptes, Pygoscelis, and Aptenodytes dataset, 
we projected the folded allele frequency spectrum using EasySFS 
(https://github.com/isaacovercast/easySFS). We then adjusted the number of invariant sites in 
our allele frequency spectrum to reflect the total number of invariant loci characterized within 
each species. We read the folded, MAF filtered (0.01) SFS into R v3.5.1 using tidyverse v1.2.1 
(https://github.com/tidyverse/tidyverse.org) functions. After obtaining the sample size and total 
number of sites from the SFS, the invariant site category was removed, and CubSFS v1.0 was 
used to estimate the demographic history for each taxon, using 29 knots and a t_m of 0.25 
coalescent units. Because of variance in how the invariant site category was recorded per dataset 
due to the RAD-seq methodologies employed in this study (see Clucas et al. 2018), we 
generated the expected SFS and a negative exponential model was used to estimate the ‘true’ 
number of invariant sites. We also amended the observed SFS site categories likely affected by 
the MAF by extracting the expected SNP counts for these sites. We then used CubSFS to re-
estimate the demographic history from the amended SFS (as above). We then generated 10 
bootstrap replicates per taxa and used CubSFS to estimate the demography for each of these 
replicates with the same parameters as used for the amended SFS. 
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We then obtained demographic reconstructions in units of Ne against year by using the 
estimated number of invariant sites, the per-generation mutation rate, and species-specific 
generation times. We assumed an average generation time of 8 – 14 years depending on the 
taxon (based on Forcada & Trathan, 2009). For Eudyptes chrysolophus chrysolophus and E. c. 
schlegeli, we averaged the two generation times presented in Forcada and Trathan (2009). For 
the taxa that did not have a generation time in Forcada and Trathan (2009), we used the same 
generation time as the most closely related taxon, which was always in the same genus. As 
such, we used a generation time of eight years for all taxa except Aptenodytes patagonicus 
which has a generation time of nine years, and A. forsteri which has a generation time of 14 
years. We used a mutation rate of 2.6 × 10-7 per site per generation (Trucchi et al., 2014; 
Cristofari et al., 2016). These demographic histories were plotted using R, and the tidyverse, 
gridExtra (https://cran.r-project.org/web/packages/gridExtra/index.html) and scales 
(https://cran.r-project.org/web/packages/scales/index.html) libraries. 
Testing for demographic expansions using Fastsimcoal2 
We used Fastsimcoal 2.5 to estimate fluctuations in Ne over the past 1 million years. For each 
taxon, we estimated Ne at five time points fixed at 1 mya, 140 kya, 50 kya, 15 kya and 1 kya 
BP, which correspond to mid-Pleistocene, the Penultimate glaciation, the last glaciation, the 
end of the LGM and the late-Holocene. We chose those time points based on both the major 
climatic shifts (Lisiecki & Raymo, 2005) and the long-term historical demographic trajectories 
from the CubSFS analysis. We used uniform priors for Ne  (1 × 103 - 2 × 106) and assumed a 
generation time of 8 – 14 years (as above). 
We first performed 50 replicate runs in Fastsimcoal2 using the following parameters: -n 100000 
-m -M 0.01 -L 40. Similar to the CubSFS analysis, the monomorphic site category was removed 
using the --removeZeroSFS option when performing these 50 replicates. We then retained the 
set of parameters with the highest composite likelihood as the best point estimate. In order to 
account for variance in how the monomorphic site category was recorded per dataset due to the 
differing RADseq methodologies, we then used the expected SFS generated for the model that 
obtained the highest composite likelihood and used a negative exponential model to estimate 
the ‘true’ number of monomorphic sites. We also amended the observed SFS site categories 
likely affected by the MAF by extracting the expected SNP counts for these sites. Next, we 
used this corrected SFS and updated the total number of sites in our models to estimate the final 
likelihood of the preferred model by running 50 replicates of 100,000 simulations with the best 
point estimate. Finally, to estimate the 95% confidence intervals of each Ne we used a 
parametric bootstrap procedure by creating 100 bootstrap runs simulated from the SFS of the 
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point estimates. The data-type was changed to DNA (1 bp), with the number of chromosomal 
segments equalling the total number of loci in the SFS (including monomorphic sites). We ran 
50 replicates per bootstrap for a total of 5000 data points to estimate posterior distributions of 
Ne. As our Eudyptes SNP dataset was generated using a different protocol to the Aptenodytes 
and Pygoscelis SNP datasets, we avoided potential bias in our results by calculating the change 
in Ne based on the percentage of Ne at time 1 Ma. 
Testing for demographic expansions using Tajima’s D 
Tajima's D was computed using δaδi (Gutenkunst et al., 2009) from the downprojected allelic 
frequency spectrum, ignoring allele frequencies below a MAF of 0.01. Confidence intervals 
were obtained by re-sampling 1000 SNPs in each dataset using in-house scripts. 
Testing for demographic expansions using SNAPP 
We also investigated the change in Ne in each of our taxa as represented by the change in theta 
between the terminal lineages and nearest internal branches derived from the previous SNAPP 
analyses. For the Eudyptes taxa, Pygoscelis adeliae and P. antarctica, we used results from the 
SNAPP analyses described above. For the remaining taxa, we used previously published 
SNAPP analyses obtained from Clucas et al. (2016) for Aptenodytes patagonicus, Younger et 
al. (2017) for A. forsteri and Clucas et al. (2018) for Pygoscelis papua. While CubSFS, 
Fastsimcoal2 and Tajima’s D explored population expansions across the combined sample 
locations for each taxon, we explored the change in theta inferred from SNAPP separately for 
each sampling locality (e.g. for P. papua, the four lineages represented in Figure 14; see also 
Clucas et al., 2018). To do this, we constructed maximum-clade credibility trees for each taxon 
using common ancestor heights through TreeAnnotator v2.5.0. This maximum-clade credibility 
tree was used as input into the SNAPP tree set analyser with 10% burnin to calculate the theta 
values for each terminal tip (e.g. the sampling location) and the nearest internal ancestral 
branches. Using the maximum-clade credibility trees, we also estimated the length of time (in 
years) that the change of theta had occurred across for each sampling location by extracting the 
age of the nearest ancestral node (in number of substitutions), dividing this by the per-
generation mutation rate (see above) and then multiplying by the estimated generation time (in 
years) for each taxon (see above). 
Testing for demographic expansions using Multi-dice 
Finally we used the R package Multi-dice (Xue & Hickerson, 2017) to test for a population 
expansion among the expanding penguin taxa following the LGM. We tested scenarios of one 
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co-expansion within the last 50 Ka that could be synchronous or not across the ‘expanding’ 
taxa (Eudyptes chrysolophus chrysolophus/E. c. schlegeli, E. filholi, Pygoscelis adeliae, P. 
papua, P. antarctica, Aptenodytes patagonicus and A. forsteri, based on the combined results 
of CubSFS, Fastsimcoal2, Tajima’s D and SNAPP). We did not analyse Eudyptes moseleyi, E. 
pachyrhynchus, E. chrysocome or E. robustus as we consider those taxa to have had a relatively 
stable population size since the LGM (based on the combined results of CubSFS, Fastsimcoal2, 
Tajima’s D and SNAPP). We projected all SNPs datasets to 40 haploid samples using easySFS, 
maximising the variation in E. pachyrhynchus which had the smallest number of sampled 
individuals and equalising the SFS across species as required by Multi-dice. We performed 
100,000 simulations under a simple scenario comparable to Xue and Hickerson (2017). We 
allowed for one synchronous expansion event where one to seven co-taxa expand while the 
others expand idiosyncratically. Expansions were constrained to have a post-expansion Ne 
within 10 – 100 times ancestral Ne, and for species-specific expansions to occur within 1000 
years of each other to be considered as co-expanding. Both the proportions of co-expanding 
taxa and the timing of the synchronous event were recorded along with the aggregate frequency 
spectrum (Xue & Hickerson, 2017) for inference. We then sampled the best 5% (5000 
simulations) using hierarchical Approximate Cayesian Computation (ABC) as implemented in 
ABC (Csilléry et al., 2012) and the aggregate site-frequency spectrum of each simulation as a 
single pseudo-observed dataset. 
Results 
Genetic diversity, structure and admixture of Eudyptes penguins 
We tested for population genetic structure and introgression (as inferred by Napier, 1968; 
Woehler & Gilbert, 1990; White & Clausen, 2002; Morrison & Sagar, 2014) between all our 
Eudyptes samples using FST, RAxML, Structure, DAPC and PCoA (see Figures 15 and 16 and 
Supplementary Table 20). 
As demonstrated by several recent studies (e.g. Frugone et al., 2018; Cole et al., 2019b; Chapter 
2; Frugone et al., 2019), E. c. chrysolophus and E. c. schlegeli consistently clustered together 
with little evidence to distinguish between the two subspecies (Figure 15 and 16, bootstrap 
support: 100; Supplementary Figure 15, Supplementary Tables 20 and 21), despite clear 
phenotypic differences (Shaughnessy, 1975; Warham, 1975): E. c. chrysolophus are smaller 
than E. c. schlegeli and have a black face, while E. c. schlegeli have a white face. Our results 
consistently support de Dinechin et al. (2009), Frugone et al. (2018) and Cole et al. (2019b; 
Chapter 2) which recognise E. moseleyi, E. chrysocome and E. filholi as three distinct species 
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(Figure 15 and 16, Supplementary Figures 15 and 16, Supplementary Tables 22 – 26), even 
though E. chrysocome and E. filholi are still considered subspecies or incipient species (e.g. 
Mays et al., in press). The closely related E. pachyrhynchus and E. robustus remained difficult 
to distinguish under our initial global Structure analyses (including K = 5 – 7; Figure 16), initial 
DAPC analyses (not shown) and to a lesser extent with RAxML (Figure 15; bootstrap support: 
92). However, downstream analyses of E. pachyrhynchus and E. robustus supports recognition 
of two distinct species (Figure 16H, Supplementary Figures 15 and 16, Supplementary Table 
27). 
 
Figure 15. Unrooted ML phylogenetic tree of Eudyptes penguins based on SNPs. Bootstrap values for 
all major clades are shown. Small coloured circles represent the population that individual was derived 
from. MAR* indicates Marion Island white-faced penguins of Eudyptes chrysolophus chrysolophus or 
Eudyptes c. schlegeli. PEB and NEW are Falkland Islands; SGE is South Georgia; SSI is South Sandwich 
Islands; GOU is Gough Island and Tristan da Cunha; MAR is Marion Island, PEI is Prince Edward Islands; 
CRZ is Crozet; KER is Kerguelen; AMS is Amsterdam island; MAC is Macquarie Island; CAM is Campbell 
Island; AUC is Auckland Islands; ANT is Antipodes Islands; SNA is The Snares, WES is Western Chain; 
COD is Codfish Island, MIL is Milford Sound and JAC is Jackson Head. 
With the exception of E. c. chrysolophus and E. c. schlegeli (which are probably in their earliest 
stages of speciation; see Cole et al., 2019b; Chapter 2), our Structure analysis (Figure 16) 
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revealed limited evidence for introgression between the seven Eudyptes taxa. Very low levels 
of introgression (<0.5%) were detected from E. robustus to E. pachyrhynchus, E. moseleyi, E. 
filholi and E. chrysocome, from E. pachyrhynchus to E. moseleyi and E. filholi, from E. 
moseleyi to E. chrysocome and E. c. chrysolophus/E. c. schlegeli, from E. filholi to E. robustus, 
from E. chrysocome to E. moseleyi, and from E. c. chrysolophus/E. c. schlegeli to E. filholi, E. 
chrysocome, E. pachyrhynchus and E. robustus. Slightly higher levels of introgression (0.6 –
0.9%) were observed from E. filholi to E. moseleyi (mean 0.6%), E. chrysocome to E. filholi 
(mean 0.7%), and from E. moseleyi to E. robustus (mean 0.9%), while the highest levels of 
introgression were detected between the most closely related taxa, such as E. filholi to E. 
chrysocome (mean 5.1%), between E. moseleyi to E. filholi (mean 1.%) and between E. 
pachyrhynchus to E. robustus (mean 68%, however see Figure 16). To explore the patterns 
among closely related Eudyptes taxa and within each taxon, we undertook further analyses on 
smaller datasets (see Supplementary Table 15). 
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Figure 16. Genetic structure among Eudyptes penguins inferred by Structure, DAPC and PCoA. (A) – (J) 
(represented in separate blocks of 3 – 7 plots) are Structure and DAPC plots. Each block of plots 
represents a single dataset, analysed to explore relatedness and introgression within the Eudyptes 
genus (e.g. A), between closely related taxa (e.g. B, C, E and H) and within each taxon (e.g. B, D, F, G, I 
and J). K indicates the number of genetic clusters inferred by that corresponding Structure plot, Loc 
indicates that the corresponding Structure plot used Location Priors, and DAPC indicates that the 
corresponding plot was created with DAPC, also using location priors. (A) is all Eudyptes penguins 
together (without location priors) for K = 5 – 7 (K = 1 – 4 and K = 8 – 13 are not shown); (B) is E. 
chrysolophus chrysolophus and E. c. schlegeli for K = 2 – 3 (K = 1 and K = 4 – 11 are not shown, the most 
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likely K is K = 1); (C) is E. moseleyi, E. chrysocome and E. filholi for K = 2 – 4 (K = 1 and K = 5 – 13 are not 
shown, the most likely K is K = 3); (D) is E. moseleyi for K = 2 – 3 (K = 1 and K = 4 are not shown, the 
most likely K is K = 1); (E) is E. chrysocome and E. filholi for K = 2 – 4 (K = 1 and K = 5 – 13 are not shown, 
the most likely K is K = 2); (F) is E. chrysocome for K = 2 – 4 (K = 1 is not shown, the most likely K is K = 
1); (G) is E. filholi for K = 2 – 3 (K = 1 and K = 4 – 9 are not shown, the most likely K is K = 1); (H) is E. 
robustus and E. pachyrhynchus for K = 2 (K = 1 and K = 3 – 7 are not shown, the most likely K is K = 2); 
(I) is E. pachyrhynchus, for K = 2 to K = 3 (K = 1 and K = 4 to K = 5 are not shown, the most likely K is K 
= 1); and (J) is E. robustus for K = 2 (K = 1 and K = 3 – 4 are not shown, the most likely K is K = 1). Each 
Structure run was repeated 20 times. Structure plots for K = 1 are shown in Figure 14. The coloured 
bar underneath the population names indicates which population belongs to which taxon (e.g. for E. 
c. chrysolophus and E. c. schlegeli). (K) to N) are PCoA; K) encompasses all Eudyptes samples and 
corresponds to the same dataset used to generate the Structure and DAPC plots in A); (L) encompasses 
all E. c. chrysolophus and E. c. schlegeli samples, and corresponds to the dataset used to generate the 
Structure and DAPC plots in B); (M) encompasses E. moseleyi, E. chrysocome and E. filholi samples, and 
corresponds to the dataset used to generate the Structure and DAPC plots in C); and (N) encompasses 
the E. pachyrhynchus and E. robustus, and corresponds to the dataset used to generate the Structure 
and DAPC plots in H). Eigenvectors one and two are plotted. Each sample in the PCoA corresponds to 
the colours shown in the DAPC plot. PEB and NEW are Falkland Islands; SGE is South Georgia; SSI is 
South Sandwich Islands; GOU is Gough Island and Tristan da Cunha; MAR is Marion Island, PEI is Prince 
Edward Islands; CRZ is Crozet; KER is Kerguelen; AMS is Amsterdam island; MAC is Macquarie Island; 
CAM is Campbell Island; AUC is Auckland Islands; ANT is Antipodes Islands; SNA is The Snares, WES is 
Western Chain; COD is Codfish Island, MIL is Milford Sound and JAC is Jackson Head. 
Eudyptes chrysolophus chrysolophus and E. c. schlegeli 
The phylogenetic placement of E. c. chrysolophus with E. c. schlegeli as a single panmictic 
population was consistently supported by pairwise FST, PCoA, Structure, DAPC, and SNAPP 
(Figures 15 and 16, Supplementary Figures 15 and Supplementary Tables 20 and 21), 
supporting Cole et al. (2018; Chapter 5), Frugone et al. (2018), Cole et al. (2019b; Chapter 2), 
Cole et al. (2019a; Chapter 4) and Frugone et al. (2019). Our Structure analyses suggested the 
most likely K = 2 (Supplementary Table 18). However, the corresponding Structure plot 
revealed no distinction between E. c. chrysolophus and E. c. schlegeli (Figures 14 and 16), even 
though the subspecies exhibit clear phenotypic differences. Very subtle population structure 
between the two taxa was only evident when we examined alternative Structure plots of K >3 
(Figure 16), when we undertook further DAPC analyses using location priors (Figure 16) or 
when we examined PCoA plots (Figure 16). Our PCoA and DAPC analysis (when location 
priors were used; Figure 16) revealed the possible presence of three very shallow genetic 
clusters which fall into three distinct biogeographical regions. These correspond to (1) 
Elephant, South Georgia and South Sandwich Islands (E. c. chrysolophus); (2) Marion, Prince 
Edward, Crozet and Kerguelen (E. c. chrysolophus); and (3) Macquarie and Marion Island 
‘white-faced penguins’ (E. c. schlegeli). These shallow clusters were generally supported by 
our SNAPP analyses (Supplementary Figure 15). While our Structure analyses suggest a 
scenario of high gene flow among these regions, our DAPC analysis (with location priors; 
Figure 16) indicates there may be limited movement of E. c. chrysolophus between Elephant, 
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South Georgia and the South Sandwich Islands, with only few individuals potentially 
representing migrants (Figure 16). Moreover, our results support Frugone et al. (2018) who 
also demonstrated that the ‘white-faced’ penguins breeding on Marion Island cluster with the 
Macquarie Island E. c. schlegeli individuals (Figures 14 and 16), suggesting recent dispersal of 
E. c. schlegeli across the Southern Ocean. As our analyses consistently demonstrated a lack of 
strong genetic structuring between E. c. chrysolophus and E. c. schlegeli we consider these 
subspecies as a single population.  
Eudyptes moseleyi, E. chrysocome and E. filholi 
Species-level distinction of E. chrysocome, E. filholi and E. moseleyi was consistent among 
FST, PCoA, Structure, DAPC, and SNAPP analyses (Figures 15 and 16, Supplementary Figure 
15, Supplementary Table 22), when we examined the three taxa in the same dataset supporting 
Cole et al. (2018 Chapter 5), Frugone et al. (2018), Cole et al. (2019b; Chapter 2) and Cole et 
al. (2019a; Chapter 4). Our Structure analyses of the three taxa suggested K = 3 (Supplementary 
Table 18). However, when we examined the K = 2 Structure plot, E. moseleyi clustered with E. 
filholi (Figure 16). This is surprising, as E. moseleyi is basal to E. filholi/E. chrysocome (see 
Figure 9C and Cole et al., 2019b; Chapter 2), and because E. filholi is occasionally considered 
a subspecies of E. chrysocome (Mays et al., in press). This result may reflect the difficulty for 
Structure to choose two distinct clusters, when three are clearly present. Further Structure 
results of K = 3 (Figure 16) revealed possible low levels of introgression within the three taxa. 
Very low levels of introgression (<0.1%) were observed from E. chrysocome to E. moseleyi 
and from E. filholi to E. moseleyi. Further low levels of introgression were observed from E. 
filholi to E. chrysocome (mean 1.9%), from E. chrysocome to the E. filholi (mean 0.%) and 
from E. moseleyi to E. filholi (mean 1.4%). When we examined the K = 3 – 4 Structure plots 
(see Figure 16), it appears that only E. filholi individuals from the NZ Campbell, Auckland and 
Antipodes Islands have introgressed with E. chrysocome, while all other E. filholi samples 
appear to have experienced introgression with E. moseleyi. 
Eudyptes filholi 
Structure suggested a most likely K = 1 for E. filholi (Supplementary Table 18). However, when 
we explored the K = 3 structure plots (with and without location priors; Figure 16), we revealed 
subtle population structure corresponding to (1) Campbell, Auckland and Antipodes Islands; 
and (2) Macquarie, Crozet, Prince Edward and Marion Islands (see above and Figure 16). This 
pattern was also reflected in SNAPP, PCoA and to a lesser extent with DAPC (Figure 16; 
Supplementary Figures 15 and 16). DAPC (with location priors) revealed limited evidence of 
movement between E. filholi populations; a single individual from Antipodes Island may have 
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migrated to Campbell Island and there may be some migration between Crozet, Prince Edward 
and Marion Islands (see Figure 16). 
Eudyptes chrysocome 
Samples for E. chrysocome were obtained only from two locations on the Falkland Islands; 
New Island and Pebble Beach (see Supplementary Table 14 and Supplementary Figure 13). 
Our Structure analyses suggest a most likely K = 2 for E. chrysocome (Supplementary Table 
18). When we examined the K = 4 (with location priors) Structure plots, subtle structure 
between New Island and Pebble Beach was observed (see Figure 16). This is also reflected 
with DAPC (with location priors) (Figure 16), and may further indicate that these populations 
did not experience a population expansion following the LGM (see below). Our PCoA and 
Structure results revealed two individuals from Pebble Beach as consistent outliers to all other 
E. chrysocome individuals (Figure 16 and Supplementary Figure 16), while DAPC revealed a 
different individual from Pebble Beach as a possible migrant (Figure 16). This may suggest the 
presence of additional structure between other unsampled E. chrysocome colonies. 
Eudyptes moseleyi 
PCoA, Structure and DAPC suggested there may be population structure between Amsterdam 
and Gough Islands E. moseleyi populations (Figure 16 and Supplementary Figure 16), and may 
mirror the patterns seen in other taxa breeding north of the LGM sea-ice (e.g. E. chrysocome, 
see above). This pattern could not be analysed in detail due to the low sample size (n = 6 for 
Amsterdam Island and n = 2 for Gough Island). 
Eudyptes pachyrhynchus and Eudyptes robustus 
Our initial global Structure and RAxML analyses detected possible introgression between E. 
pachyrhynchus and E. robustus (see above; Figures 15 and 16). However, all downstream 
analyses conducted on just the two taxa (Figure 16, Supplementary Figures 15 and 16, 
Supplementary Table 27) supported species-level distinctions. This has also been demonstrated 
by Cole et al. (2019a; Chapter 4) using COI and CR to analyse the same E. pachyrhynchus and 
E. robustus individuals. 
Eudyptes pachyrhynchus 
We found very little within-species structure for E. pachyrhynchus (Figure 16, Supplementary 
Figure 16, Supplementary Table 28). When we examined the K = 2 – 3 Structure plots (with 
and without location priors; Figure 16) a single Milford Sound individual was a consistent 
outlier. When we examined the K = 3 Structure plot (without location priors) an individual from 
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Codfish Island was as an outlier (Figure 16). These individuals are potentially migrants from 
unsampled colonies. 
Eudyptes robustus 
Structure, PCoA, DAPC and RAxML found little evidence to suggest population genetic 
structuring between The Snares and Western Chain E. robustus colonies (Figure 16, 
Supplementary Figure 16, Supplementary Table 29), supporting recent findings by Cole et al. 
(2019a; Chapter 4). 
Demographic expansions 
CubSFS 
The demographic histories inferred by CubSFS for 11 penguin taxa (E. robustus was excluded 
due to small sample sizes) revealed concerted demographic expansions in E. c. chrysolophus/E. 
c. schlegeli, E. filholi, Aptenodytes forsteri, A. patagonicus, Pygoscelis papua and P. adeliae 
(Supplementary Tables 3 – 30). All of these recently ‘expanded’ taxa are predominantly found 
south of the LGM sea-ice limit (Figure 14). Crucially, five of these near-simultaneous 
demographic expansions began approximately 17.2 thousand years ago (ranging from 20 – 15 
thousands years ago) (Figure 17, Supplementary Figures 17  and 18, Supplementary Table 30), 
at a time of rapid warming in the immediate aftermath of the LGM (Jouzel et al., 2007). By 
contrast, analysis of Aptenodytes forsteri shows population expansion earlier than other penguin 
lineages, suggesting that this ice-adapted species was able to exploit southern regions earlier; 
see also Li et al. (2014) and Cristofari et al. (2016). The magnitude of these population 
expansions is on average a 2.77-fold increase (ranging from 1.18 – 4.40-fold increase; Figure 
17). In addition, analyses of five taxa (E. chrysocome, E. moseleyi, E. pachyrhynchus and E. 
robustus, and Pygoscelis antarctica) predominantly found north of the LGM sea-ice zone 
(Figure 14) revealed decreasing or relatively stable population sizes (Figures 17 – 18, 
Supplementary Table 30). 
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Figure 17. Demographic reconstructions of historical Ne for Eudyptes, Aptenodytes and Pygoscelis 
penguins inferred by CubSFS. 95% CIs are given by solid colour intervals. Median for bootstrap 
replicates is given by the dotted line, and the solid line gives the demographic reconstruction for the 
amended site frequency spectrum. The solid grey bar represents the LGM. Note Eudyptes robustus is 
not included due to small sample size. Note also that E. chrysolophus chrysolophus and E. c. schlegeli 
were analysed together. 
Fastsimcoal2 
Demographic reconstructions of Ne using Fastsimcoal2 (E. moseleyi and E. robustus were 
excluded due to low sample sizes) were generally consistent with CubSFS results (Figure 18, 
Supplementary Figure 19; Supplementary Tables 31 and 32). Based on the mean Ne, all penguin 
taxa were inferred to have experienced a population decline (range 1.33-fold – 3.07-fold; 
average 2.07-fold) between 1 mya BP and the Penultimate glaciation (140 kya BP). From the 
Penultimate glaciation to the Last Glaciation (50 kya BP) all taxa experienced a population 
expansion (range 2.54 – 8.54-fold; average 5.29-fold). From the Last Glaciation to the LGM 
(15 kya BP) eight taxa (Eudyptes chrysolophus chrysolophus/E. c. schlegeli, E. filholi, 
Pygoscelis adeliae, P. papua, P. antarctica, Aptenodytes patagonicus and A. forsteri) declined 
(range 1.25 – 9.61-fold; average 4.27-fold), while two taxa (Eudyptes chrysocome and E. 
pachyrhynchus) increased (range 1.01-fold – 1.11-fold; average 1.06-fold). From the LGM to 
the Holocene (1 kya BP) six taxa (Pygoscelis adeliae, P. papua, P. antarctica, Aptenodytes 
patagonicus, A. forsteri and Eudyptes pachyrhynchus) increased (range 1.02-fold – 12.25-fold; 
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average 5.79-fold), while four taxa (Eudyptes chrysolophus chrysolophus/E. c. schlegeli, E. 
filholi and E. chrysocome) declined (range 1.06-fold – 2.70-fold; average 1.61-fold). While 
there remains a few inconsistencies between Fastsimcoal2 and results from our other 
demographic analysis (e.g. for taxa inhabiting islands south/north of the LGM-sea ice), the 
amount of increase/decrease was always relatively shallow when occurring in the ‘inconsistent’ 
direction (Supplementary Table 31). For example, although Fastsimcoal2 inferred a post-LGM 
population expansion in E. pachyrhynchus (where a stable population trajectory was expected), 
the amount of the increase was only 1.02-fold (compared to Pygoscelis papua which 
experienced a 12.25-fold increase). Eudyptes filholi and E. chrysolophus chrysolophus/E. c. 
schlegeli were inferred to have experienced a slight Ne decrease following the LGM (1.06-fold 
and 2.70-fold, respectively), which is similar to the E. chrysocome (1.06-fold). 
 
Figure 18. Demographic reconstructions of historical Ne for Eudyptes, Aptenodytes and Pygoscelis 
penguins inferred by Fastsimcoal2. A 150 Ka record of Antarctic temperature change as estimated from 
the EPICA Dome Ice Core (Jouzel et al., 2007) modified from Cristofari et al. (2017). Ne was inferred for 
five different time periods (mid Pleistocene: 1 mya; Penultimate glaciation: 140 kya; Last glaciation: 50 
kya; end of LGM: 15 kya and late Holocene: 1 kya), and is shown as a relative percent of the Ne inferred 
at 1 Mya, based on the mean values from Fastsimcoal2. Note that Ne at time 1 Mya is shown at 150 Ka. 
Major climatic periods are indicated. Note also that E. robustus and E. moseleyi were not included due 
to small sample size and that E. chrysolophus chrysolophus and E. c. schlegeli were analysed together. 
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Tajima’s D 
While Tajima’s D can infer population expansion events, it cannot test for the timing of those 
expansions. Tajima’s D for all penguin taxa were generally consistent with previous 
demographic results. Past population expansions, inferred by a negative Tajima’s D were 
detected in Eudyptes chrysolophus chrysolophus/E. c. schlegeli, E. filholi, Pygoscelis adeliae, 
P. antarctica, Aptenodytes patagonicus, A. forsteri and possibly Eudyptes pachyrhynchus, 
while stable population sizes were detected in the Pygoscelis papua, Eudyptes moseleyi, E. 
chrysocome and E. robustus (Supplementary Table 33). Although Tajima’s D was negative for 
Eudyptes pachyrhynchus, which could suggest a population expansion, this result was not 
statistically significant (P = 0.135) (Supplementary Table 33). 
SNAPP 
While the theta value analysis using our SNAPP results did infer some demographic changes 
(Supplementary Figure 20), the internal node ages both within and between penguin taxa vary 
widely (Supplementary Figure 21). For those taxa with older internal node ages (e.g. >600 Ka 
between some Eudyptes chrysolophus chrysolophus/E. c. schlegeli populations) the change in 
theta represents all the fluctuations in Ne that may have occurred over the last 600 Ka. In 
addition, several species that experienced a post-LGM demographic expansion as inferred by 
CubSFS, Fastsimcoal2 and Tajima’s D; e.g. Pygoscelis papua), showed reductions in theta for 
some sampling localities. However, the internal node ages that at least some of these inferred 
reductions in theta are based on are far younger than the LGM (see also Clucas et al., 2018), 
increasing the likelihood that contemporary factors impacting Ne are influencing these estimates 
downward. For these reasons, it is difficult to use these analyses to directly assess the response 
of Ne to the LGM, and therefore we focus our interpretation on the CubSFS, Fastsimcoal2 and 
Tajima’s D analyses (see above). 
Multi-dice 
Based on the combined results of CubSFS, Fastsimcoal2, Tajima’s D and SNAPP (Figure 19), 
we investigated how synchronous the expansion event was among seven taxa, as well as the 
timing of the inferred expansion. For our ‘expanding’ taxa (Eudyptes chrysolophus 
chrysolophus/E. c. schlegeli, E. filholi, Pygoscelis adeliae, P. papua, P. antarctica, Aptenodytes 
patagonicus and A. forsteri), Multi-dice inferred a co-expansion event during the last 10 – 15 
Kya while other taxa expanded idiosyncratically (Figure 19, Supplementary Table 34). 
Interestingly, our multi-dice results did not reveal a largely synchronous expansion event, as 
only 28% – 43% of taxa were inferred to co-expand. There are several reasons that may limit 
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our ability to detect a potentially synchronous expansion event.  Mainly, small inaccuracies in 
the generation times used for each species might lead to large time differences over several 
thousand of years. Although the ‘expanding’ taxa might show a general pattern of co-expansion, 
if the time scale of this co-expansion varied by more than a 1000 years (either due to generation 
time inaccuracy, or due to real biological signal e.g. A. forseri expanding earlier), then Multi-
dice would fail to detect a single co-expansion event. 
 
Figure 19. Schematic of demographic results for Eudyptes, Aptenodytes and Pygoscelis penguins. A) 
shows the combined results of CubSFS, Fastsimcoal2, Tajima’s D and SNAPP theta values. Taxa are 
broadly classified as ‘expanding’ (red: Eudyptes chrysolophus chrysolophus/E. c. schlegeli, E. filholi, 
Pygoscelis adeliae, P. papua, P. antarctica, Aptenodytes patagonicus and A. forsteri [all south of the 
LGM sea-ice]) or ‘declining/stable’ (blue: Eudyptes moseleyi, E. chrysocome, E. pachyrhynchus and E. 
robustus [all north of the LGM sea-ice]) on the basis of a majority of these analytical outputs. ‘NA’ 
indicates when a species was excluded from a particular analysis due to limited sample size. All 
analyses specifically address post-LGM demographic change, with the exception of Tajima’s D which 
may also be influenced by earlier demographic events. B) Multi-dice results, suggesting a post-LGM 
expansion, with the mean of the co-expansion time parameter inferred at 13,342 years (mode: 10,604; 
median: 10,125). Note that E. chrysolophus chrysolophus and E. c. schlegeli were analysed together. 
Discussion 
Parallel post-LGM population expansions detected in eight penguin taxa 
Tests for population divergence within the 12 penguin taxa (including previous analyses of 
Pygoscelis and Aptenodytes species; see Clucas et al., 2018) revealed little, if any, 
differentiation (Figure 14), with shallow genetic structure consistent with recent demographic 
and biogeographic expansions following the LGM (Supplementary Figures 14 – 16). 
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Specifically, FST, PCoA, Structure, DAPC, SNAPP and RAxML revealed shallow genomic 
structure among isolated sub-Antarctic and Antarctic populations within each taxon (Figures 
14 – 16, Supplementary Figures 14 – 16 and Supplementary Tables 15, 20 – 29; see also Clucas 
et al., 2018). In contrast to the recent genetic exchange inferred within most taxa (and between 
Eudyptes chrysolophus chrysolophus/Eudyptes chrysolophus schlegeli) these analyses detected 
little or no introgression among taxa (see Figures 14 – 16 and Supplementary Figures 14 – 16). 
We detected strong demographic signals that all penguin taxa breeding south of the LGM sea-
ice zone (E. chrysolophus chrysolophus/E. c. schlegeli, E. filholi, Aptenodytes patagonicus, A. 
forsteri, Pygoscelis adeliae, P. papua, P. antarctica) experienced post-LGM demographic 
expansions, while four taxa breeding north of the LGM sea-ice zone (Eudyptes moseleyi, E. 
chrysocome, E. pachyrhynchus and possibly E. robustus) have experienced relatively stable 
demographic histories (Figures 17 – 19, Supplementary Figures 17 – 21 and Supplementary 
Tables 30 – 34). Crucially, our demographic analyses of CubSFS, Fastsimcoal2, Tajima’s D 
and SNAPP theta values produced consistent signals for a post-LGM multi-taxon expansion 
event that followed the reduction of LGM winter sea-ice (Figure 19). We detected some 
variation in the outcomes of individual demographic analyses for particular species (Figure 19), 
perhaps a reflection of varying sensitivity of different model-based approaches. However, a 
combination of results across multiple analyses revealed consistently ‘stable/declining’ 
demographic trajectories for taxa inhabiting LGM ice-free regions, versus consistently 
‘expanding’ trajectories for LGM ice-affected taxa (Figure 19). Reduction of sea-ice therefore 
likely provided new opportunities for taxa to recolonise the southern regions. 
LGM sea-ice restricted breeding success 
With the exception of the ice-adapted Aptenodytes forsteri (which breeds on the sea-ice around 
coastal Antarctica), all penguin taxa are reliant on ice-free terrain to build nests during the 
breeding season, while all require access to the open ocean to forage. Extensive glaciation 
across the high-latitudes during the LGM would thus have become a major barrier to successful 
breeding of penguins, while extensive sea-ice would have restricted foraging access for all 
southern populations. Past studies have found some evidence to suggest there were persistent 
polynyas during the LGM in regions south of the LGM sea-ice zone (Emslie et al., 2018). 
Localised refugial populations of some of these southern taxa close to such polynyas may have 
been able to persist in the high-latitudes during the LGM (Brambati et al., 2002; Thatje et al., 
2008; Younger et al., 2015c; Clucas et al., 2016). However, the majority of taxa south of the 
LGM sea-ice would likely have become locally extinct. 
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Dispersal facilitates biogeographic shifts 
Although LGM breeding ranges for Southern Ocean penguins remain unclear, our results may 
support previous hypotheses of Fraser et al. (2011), that during the LGM, sub-Antarctic and 
Antarctic taxa retreated to ice-free refugia such as Gough, Amsterdam, and the Falkland 
Islands, southern South America, and NZ’s southern islands (see Figure 20; and Fraser et al., 
2009; Fraser et al., 2011; Rains et al., 2011; Fraser et al., 2018). Post-LGM reductions in sea-
ice (Figure 20) subsequently transformed Southern Ocean coastal ecosystems (Fraser et al., 
2009; Trucchi et al., 2014), facilitating rapid re-colonisation of high-latitude sub-Antarctic and 
Antarctic shores, perhaps following the eastward path of the ACC (Fraser et al., 2009; Fraser 
et al., 2018). While LGM coastal regions, and subfossil remains are now largely underwater 
(see Figure 20), potential refugial regions are suggested by current distributions (e.g. E. filholi 
likely expanded south from glacial refugia in NZ’s ice-free Auckland, Campbell, and Antipodes 
islands; Figures 14, 20 and Supplementary Figure 13). While previous studies have suggested 
that the Southern Ocean’s circumpolar fronts (STF and APF) represent barriers to dispersal for 
many marine species (Frugone et al., 2018), including seabirds (Friesen, 2005; Friesen et al., 
2007; Munro & Burg, 2017) penguins commonly traverse these major oceanographic 
boundaries (Thiébot et al., 2011; Thiébot et al., 2012). This exceptional dispersal ability thus 
provides a key mechanism facilitating rapid biogeographic and demographic shifts (e.g. 
retractions and expansions) in response to changing climate (see also de Bruyn et al., 2009). 
Stable/declining populations in four penguin species 
Our results revealed consistently ‘stable/declining’ demographic trajectories for all studied 
penguin taxa inhabiting regions north of the LGM sea-ice limit (Eudyptes pachyrhynchus, E. 
robustus, E. chrysocome and E. moseleyi). While there is some terrestrial evidence for LGM 
ice expansion on the NZ Auckland and Campbell Islands (Hodgson et al., 2014), this ice extent 
is unlikely to have restricted breeding and foraging of those penguin populations. The clear 
pattern of demographic expansions in taxa south of the LGM sea-ice limit compared to 
stable/declining demographic histories in taxa north of the LGM sea-ice limit is concordant 
with the biological requirements of penguins. As such, taxa breeding north of the LGM sea-ice 
limit were not forced into refugia. Moreover, during the LGM, sea-levels were 120 – 135 m 
lower than present day (Clark & Mix, 2002), which may have created additional opportunities 
for the establishment of large breeding colonies of penguins in these northern regions. As a 
consequence, rising sea-levels following the LGM would likely have led to the local extinction 
of many of these colonies, which is potentially corroborated by the post-LGM population 
declines inferred for many of these northern penguin taxa. 
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Figure 20. Population expansion and contractions for Eudyptes, Aptenodytes and Pygoscelis penguins 
in relation to post-LGM climate change. A) shows the winter sea-ice and sea-level during the LGM, 
with putative the refugia shown (orange ellipses for sub-Antarctic penguins; grey ellipses for all 
Antarctic penguins except Aptenodytes forsteri), the routes of refugia is shown: yellow arrows for sub-
Antarctic species; white arrows for Antarctic species. A. forsteri presumably bred on the fringes of the 
summer sea-ice during the LGM (indicated by the pink dots). Site names in black indicate possible 
refugial regions for sub-Antarctic penguins, while sites encircled in opaque white indicate possible 
refugial regions for Antarctic penguins. B) shows the present sea-level and winter sea-ice extent, with 
possible post-LGM routes of recolonisation into sub-Antarctic and Antarctic habitats (white arrows for 
Antarctic penguins, except A. forsteri), yellow arrows for sub-Antarctic species. A. forsteri is again 
marked with pink dots. Site names in black indicate where each penguin currently breeds, while site 
names in grey indicate locations where those taxa may have bred during the LGM (as shown in A]). 
Note, these LGM breeding ranges are uncertain. The maps have been adapted from Fraser et al. (2011). 
Contrasting patterns among Southern Ocean taxa  
Glacial cycles can have profound effects on the biogeographic and demographic structure of 
high-latitude taxa. While our demographic analyses demonstrate rapid post-LGM expansions 
in eight penguin taxa, other studies have found a lack of population expansions following 
Southern Ocean Holocene climate warming. For example, demographic reconstructions for the 
snow petrel (Pagodroma nivea) suggests that at least two populations may have persisted in 
ice-free regions during the LGM (Carrea et al., 2019), with only one population experiencing 
a post-LGM expansion. The authors suggest that the ability to fly may represent an advantage 
for Pagodroma nivea over flightless taxa in persisting during the LGM. Demographic 
reconstructions for the weddell seal (Leptonychotes weddellii) suggest that their populations 
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have remained stable for at least 75 thousand years (Younger et al., 2016). In contrast, 
demographic reconstructions and population structure analyses of the southern elephant seal 
(Mirounga leonina), Azorella plants (A. selago and A. macquariensis) and Durvillaea 
antarctica have revealed rapid population expansions following post-LGM recolonization of 
founder individuals (de Bruyn et al., 2009; Fraser et al., 2009; Corrigan et al., 2016; Chau et 
al., 2019; see also Figure 3). The choice of mutation rate, and possibly time-dependency issues 
in the modelling approaches may play some part in the conflicting patterns inferred for Southern 
Ocean taxa. The contrasting responses to post-LGM climate change across high-latitude taxa 
may also suggest that differing behaviour (e.g. philopatry) adaptive capacities (e.g. dispersal 
ability) and/or fine-scale niche preferences (e.g. foraging locations) may play an important role 
in a species response to climate change. 
Conclusions 
Understanding how biota responded to past global climate change is essential for predicting 
species distributions and population sizes under future climate projections and for developing 
appropriate conservation management strategies (Forcada & Trathan, 2009; Dussex et al., 
2019). While global temperatures continue to increase, terrestrial and coastal biota from mid-
latitude habitats will continue to shift towards the poles (Fraser et al., 2018; see also Jagatap et 
al., 2019) or alternatively face extinction, as they are pushed to their southernmost limits (Fraser 
et al., 2011; Fraser et al., 2018). Many penguin populations are declining, or are predicted to 
decline as warming continues (Barbraud & Weimerskirch, 2001; Le Bohec et al., 2008). 
Pygoscelis adeliae and Aptenodytes forsteri populations, for example, have declined or even 
disappeared at some of their northernmost localities around Antarctica (Barbraud & 
Weimerskirch, 2001; Forcada et al., 2006). In the case of A. forsteri these declines have been 
linked directly to reductions in sea-ice (Fretwell & Trathan, 2019). By contrast, populations of 
Pygoscelis papua are apparently expanding their ranges southward as the climate warms 
(Lynch et al., 2012). Our study demonstrates the sensitivity of demography and distribution of 
keystone species within Southern Ocean ecosystems to the effects of climate change, and 
reveals the potential for major future biological shifts in this rapidly warming part of the planet.  
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Supplementary Figure 13. Detailed map of sampling locations for Eudyptes, Aptenodytes and 
Pygoscelis penguins. Island groups that contained multiple sample collections from different sites are 
shown. Note P. adelie and P. antarctica South Orkney Islands samples all came from Signy Island, and 
P. adelie, P. antarctica and P. papua South Shetland Islands samples all came from Admiralty Bay and 
P. papua Kerguelen samples came from Pointe du Marne (see Supplementary Table 16). The main map 
has been modified from Fraser et al. (2011) and shows current winter and summer sea-ice, the STF, 
the APF and the ACC. Site details and codes used in other figures and tables are follows: 1 is Falkland 
Islands (PEB, NEW and FAL); 2 is South Sandwich Islands (SSH); 3 is Elephant Island (ELE); 4 is South 
Orkney Islands (SOR); 5 is South Georgia (SGE); 6 is South Sandwich Islands (SSI); 7 is Bouvet (BOU); 8 
is Gough Island and Tristan da Cunha (GOU); 9 is Marion Island and Prince Edward Islands (MAR and 
PEI); 10 is Crozet (CRZ); 11 is Kerguelen (KER); 12 is Amsterdam Island (AMS); 13 is Macquarie Island 
(MAC); 14 is Campbell Island (CAM); 15 is Auckland Islands (AUC); 16 is Antipodes Islands (ANT); 17 is 
The Snares and Western Chain (SNA and WES); 18 is Codfish Island, Milford Sound and Jackson Head 
(COD, MIL and JAC); 19 is Peterman Island (PET); 20 is Orne Harbour (ORN); 21 is Jougla Point (JOU); 
22 is George’s Point (GEO); 23 is Brown Bluff (BRO); 24 is Gould Bay (GOB); 25 is Halley Bay (HAL); 26 
is Fold Island (FOL); 27 is Béchervaise Island (BÉC); 28 is Auster (AUS); 29 is Welch Island (WEL); 30 is 
Amanda Bay (AMA); 31 is Blakeney Point (BLA); 32 is Point Géologie (POI); 33 is Pétrels Island (PÉT); 34 
is Cape Roget (ROG) and 35 is Cape Washington (WAS).
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Supplementary Figure 14. Alternative SNAPP analyses for Pygoscelis and Aptenodytes penguins. (A) – 
(B) is Pygoscelis adeliae (grey); (C) – (D) is P. antarctica (brown); (E) – (F) is P. papua (orange); (G) – (H) 
is Aptenodytes forsteri (pink); and (I) – (J) is A. patagonicus (white). Note the SNAPP analyses for 
Pygoscelis papua is taken from Clucas et al. (2018), the SNAPP analysis for Aptenodytes forsteri is taken 
from Younger et al. (2017) and the SNAPP analysis for A. patagonicus is taken from Clucas et al. (2016). 
Colours have been modified for this study. The SNAPP analyses for Pygoscelis adeliae and P. antarctica 
are new. Site details are follows: WEL is Welch Island; SSH is South Shetland Islands; SSI is South 
Sandwich Islands; SOR is South Orkney Islands; PET is Peterman Island; BRO is Brown Bluff; PÉT is 
Pétrels Island; BLA is Blakeney Point; BÉC is Béchervaise Island; ORN is Orne Harbour; BOU is Bouvet; 
KER is Kerguelen; FAL is Falkland Islands; SGE is South Georgia; JOU is Jougla Point; GEO is George’s 
Point; FOL is Fold Island; AMA is Amanda Bay; GOB is Gould Bay; ROG is Cape Roget; HAL is Halley Bay; 
POI is Point Géologie; WAS is Cape Washington; AUS is Auster; MAC is Macquarie Island; and CRZ is 
Crozet. 
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Supplementary Figure 15. Alternative SNAPP analyses for closely related Eudyptes penguins. (A) – (C) 
is Eudyptes chrysolophus chrysolophus (red) and E. c. schlegeli (orange); (D) – (F) is E. moseleyi (light 
blue), E. chrysocome (purple) and E. filholi (dark blue); (G) – (I) is E. pachyrhynchus (green) and E. 
robustus (yellow). MAR* indicates Marion Island ‘white faced’ penguins of E. c. chrysolophus/E. c. 
schlegeli. ELE is Elephant Island; SGE is South Georgia; SSI is South Sandwich Islands; MAR is Marion 
Island; PEI is Prince Edward Islands; CRZ is Crozet; KER is Kerguelen; MAR* is Marion Island ‘white 
faced’ penguins; MAC is Macquarie Island; AMS is Amsterdam Island; GOU is Gough Island; NEW is 
New Island; PEB is Pebble Beach; CAM is Campbell Island; AUC is Auckland Islands; ANT is Antipodes 
Islands; COD is Codfish Island; MIL is Milford Sound; JAC is Jackson Head; SNA is the Snares; and WES 
is the Western Chain.   
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Supplementary Figure 16. PCoA of within and between species genetic variation for closely-related 
Eudyptes penguins. (A) is E. moseleyi; (B) is Eudyptes chrysocome and E. filholi; (C) is E. chrysocome; 
(D) is E. filholi; (E) is E. pachyrhynchus; and (F) is E. robustus. Additional PCoAs of between species 
genetic variation (except for Eudyptes chrysocome and E. filholi, which is shown here) are shown in 
Figure 16. GOU is Gough Island; AMS is Amsterdam Island; CAM is Campbell Island; ANT is Antipodes 
Islands; AUC is Auckland Islands; MAC is Macquarie Island; CRZ is Crozet; PEI is Prince Edward Island; 
MAR is Marion Island; PEB is Pebble Beach; NEW is New Island; JAC is Jackson Head; MIL is Milford 
Sound; COD is Codfish Island; SNA is The Snares; and WES is Western Chain.   
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Supplementary Figure 17. Overlaid 95% CIs for Eudyptes, Pygoscelis and Aptenodytes penguins north 
and south of the LGM sea-ice limit based on CubSFS demographic reconstructions. Note the extremely 
wide confidence interval for Eudyptes pachyrhynchus, and two broad categories of demographic 
reconstruction; (1) recently expanding populations since the LGM (E. chrysolophus chrysolophus/E. c. 
schlegeli, E. filholi, Pygoscelis papua, P. adeliae, Aptenodytes patagonicus and A. forsteri); or (2) 
constant/declining populations since the LGM (Eudyptes pachyrhynchus, E. chrysocome, E. moseleyi 
and Pygoscelis antarctica). The solid grey bar represents the LGM. Note that Eudyptes chrysolophus 
chrysolophus and E. c. schlegeli are combined in the same analysis. E. robustus was not analysed due 
to low sample size. Refer to Figure 17 and Supplementary Figure 18 for each species plotted separately. 
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Supplementary Figure 18. CubSFS demographic reconstructions for Eudyptes, Pygoscelis and 
Aptenodytes penguins spanning 1 Ma. 95% confidence intervals are given by solid colour intervals. 
Median for bootstrap replicates is given by the dotted line, and the solid line gives the demographic 
reconstruction for the amended SFS. Note that Eudyptes chrysolophus chrysolophus and E. c. schlegeli 
are combined in the same analysis. E. robustus was not analysed due to low sample size. The left grey 
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Supplementary Figure 19. Fastsimcoal2 posterior distributions of Ne for Eudyptes, Pygoscelis and 
Aptenodytes at five different time points spanning 1 million years. 1 kya BP (Holocene), 15 kya BP 
(LGM), 50 kya BP (Last Glacial), 140 kya BP (Penultimate Glaciation) and 1 mya BP. Dashed line 
represents prior distributions. Note that Eudyptes chrysolophus chrysolophus/E. c. schlegeli are 
considered a single taxon. E. robustus and E. moseleyi were not analysed due to low sample size  
Chapter 3 129 
 
Supplementary Figure 20. SNAPP delta theta values for Eudyptes, Pygoscelis and Aptenodytes 
penguins, based on delta theta of individual sampled locations. Positive theta values indicate 
expansions, negative, population contractions. Taxa that are inferred to have undergone a population 
expansion include Eudyptes chrysolophus chrysolophus/E. c. schlegeli, E. filholi, Pygoscelis adeliae, P. 
papua, P. antarctica and Aptenodytes patagonicus. Taxa that are not inferred to have undergone a 
population expansion following the LGM include Eudyptes moseleyi, E. chrysocome, E. pachyrhynchus, 
E. robustus and Aptenodytes forsteri). Black dots represent theta inferences of locations that are more 










Supplementary Figure 21. SNAPP delta theta values for Eudyptes, Pygoscelis and Aptenodytes 
penguins in relation to node age. Age is taken from the node ages in a number of substitutions from 
the annotated tree files, divided by the mutation rate and multiplied by the taxon-specific generation 
time. Circles are replicate one (Eudyptes, Pygoscelis and Aptenodytes), squares are replicate two 
(Eudyptes, Pygoscelis and Aptenodytes) and diamonds are replicate three (Eudyptes only). The solid 
grey bar indicates the LGM. Note all Aptenodytes forsteri, Pygoscelis adeliae and P. antarctica penguins 
have post-LGM node ages. 
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Chapter 3 157 
Supplementary Table 19. Samples used in thirteen independent SNAPP analyses. Eudyptes penguins 
were run in species clusters; (1) E. chrysocome, E. filholi and E. moseleyi; (2) E. chrysolophus 
chrysolophus and E. c. schlegeli; (3) E. pachyrhynchus and E. robustus for three replicates each (see 
Supplementary Figure 15), and the Pygoscelis penguins were run as independent species; P. adeliae 
and P. antarctica, for two replicates each (see Supplementary Figure 14). Each replicate included two 
different individuals from each site. SNAPP analyses for P. papua, Aptenodytes patagonicus and A. 
forsteri are published in Clucas et al. (2016), Younger et al. (2017) and Clucas et al. (2018). Site details 
are follows: PEB is Pebble Beach (Falkland Islands); NEW is New Island (Falkland Islands); MAC is 
Macquarie Island; CAM is Campbell Island; AUC is Auckland Islands; ANT is Antipodes Islands; CRZ is 
Crozet; PEI is Prince Edward Islands; MAR is Marion Island; AMS is Amsterdam Island; GOU is Gough 
Island; KER is Kerguelen; ELE is Elephant Island; SGE is South Georgia; SSI is South Sandwich Islands; 
MAR* is ‘white faced’ penguins from Marion Island; COD is Codfish Island; MIL is Milford Sound; JAC is 
Jackson Head; SNA is The Snares; WES is Western Chain; PET is Peterman Island; BRO is Brown Bluff; 
SSH is South Shetland Islands; SOR is South Orkney Islands; BÉC is Béchervaise Island; WEL is Welch 
Island; BLA is Blakeney Point; PÉT is Pétrels Island; ORN is Orne Harbour; BOU is Bouvet. 
Taxon Site Rep 1 Rep 2 Rep 3 
Eudyptes chrysocome, Eudyptes filholi, Eudyptes moseleyi 
E. chrysocome PEB JW1082, JW1083 JW1084, JW1085 JW1086, JW1087 
E. chrysocome NEW JW722, JW724 JW726, JW728 JW730, JW731 
E. filholi MAC JW1195, JW1196 JW1197, JW1197 JW1199, JW1200 
E. filholi CAM JW531, JW532 JW569, JW537 JW542, JW543 
E. filholi AUC JW677, JW678 JW679/700, JW680/701 JW684, JW685 
E. filholi ANT JW691, JW692 JW690, JW692 JW690, JW691 
E. filholi CRZ JW744, JW745 JW746, JW747 JW748, JW749 
E. filholi PEI JW798, JW799 JW800, JW840 JW801, JW802 
E. filholi MAR JW968, JW975 JW960, JW968 JW965, JW968 
E. moseleyi AMS JW1046/1102, JW1048 JW1049, JW1057 JW1044, JW1049 
E. moseleyi GOU JW1123, JW1124 JW1123, JW1124 JW1123, JW1124 
Eudyptes chrysolophus chrysolophus/Eudyptes chrysolophus schlegeli 
E. c. chrysolophus KER JW1101, JW1016/1073 JW1019, JW1020 JW1006, JW1022 
E. c. chrysolophus ELE JW1028, JW1030 JW1031, JW1032 JW1033, JW1034 
E. c. chrysolophus CRZ JW761, JW764 JW765, JW766 JW767, JW768 
E. c. chrysolophus PEI JW823, JW865 JW825, JW826 JW827, JW828/866 
E. c. chrysolophus SGE JW847, JW849 JW850, JW852 JW853, JW855 
E. c. chrysolophus SSI JW932, JW942 JW928, JW932 JW931, JW942 
E. c. chrysolophus MAR JW947, JW948 JW928, JW932 JW951, JW953 
E. chrysolophus hybrids MAR* JW792, JW794 JW782, JW792 JW785, JW794 
E. c. schlegeli MAC JW871, JW872 JW889, JW890 JW874, JW892 
Eudyptes pachyrhynchus/ Eudyptes robustus 
E. pachyrhynchus COD JW316/643, JW320/647 JW638, JW639 JW645, JW646/912 
E. pachyrhynchus MIL JW439, JW661 JW663, JW664 JW343, JW924 
E. pachyrhynchus JAC JW655, JW660/921 JW654, JW656/918 JW655, JW659 
E. robustus SNA JW480/708, JW713 JW480/708, JW482/710 JW712, JW713 
E. robustus WES JW485 JW485 JW485 
Pygoscelis adeliae 
P. adeliae PET APPI075, APPI078 APPI071, APPI072 NA 
P. adeliae BRO APBR007, APBR017 APBR003, APBR020 NA 
P. adeliae SSH APKG022, APKG025 APKG021, APKG028 NA 
P. adeliae SOR APSG031, APSG032 APSG032, APSG033 NA 
P. adeliae SSI APBS007, APBS008 APBS006, APBS019 NA 
P. adeliae BÉC APBI014, APBI017 APBI007, APBI024 NA 
P. adeliae WEL APWH003, APWH022 APWH018, APWH030 NA 
P. adeliae BLA APBP011, APBP018 APBP015, APBP016 NA 
P. adeliae PÉT APAL021, APAL026 APAL024, APAL032 NA 
Pygoscelis Antarctica 
P. antarctica ORN CPOH106, CPOH112 CPOH103. CPOH109 NA 
P. antarctica SSH CPKG069, CPKG070 CPKG075, CPKG080 NA 
P. antarctica SOR CPSG051, CPSG052 CPSG051, CPSG053 NA 
P. antarctica SSI CPTH052, CPTH055 CPTH051, CPTH064 NA 
P. antarctica BOU CPBV004, CPBV007 CPBV008, CPBV009 NA 
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Supplementary Table 24. FST between all sampled colonies of Eudyptes filholi. FST is below, corrected 
P value are above. P values <0.05 are shown in bold (all values except one). All analyses were calculated 
across 10,000 bootstraps. Site codes are as follows: CAM is Campbell Island; AUC is Auckland Islands; 
ANT is Antipodes Islands; CRZ is Crozet; PEI is Prince Edward Islands; MAR is Marion Island; and MAC 
is Macquarie Island. 
 CAM AUC ANT CRZ PEI MAR MAC 
CAM - 0.000 0.257 0.000 0.000 0.000 0.000 
AUC 0.013 - 0.000 0.000 0.000 0.000 0.000 
ANT 0.002 0.013 - 0.000 0.000 0.000 0.000 
CRZ 0.032 0.028 0.030 - 0.000 0.000 0.000 
PEI 0.034 0.031 0.033 0.009 - 0.000 0.000 
MAR 0.032 0.030 0.031 0.010 0.011 - 0.005 
MAC 0.029 0.025 0.023 0.011 0.011 0.009 - 
 
  
Chapter 3 164 
Supplementary Table 25. FST between all sampled colonies of Eudyptes chrysocome. FST is below, 
corrected P value is above. The P value is <0.05 (shown in bold). All analyses were calculated across 
10,000 bootstraps. Site codes are as follows: NEW is New Island and PEB is Pebble Beach. 
 NEW PEB 
NEW - 0.000 
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Supplementary Table 26. FST between all sampled colonies of Eudyptes moseleyi. FST is below, 
corrected P value is above. The P value is <0.05 (shown in bold). All analyses were calculated across 
10,000 bootstraps. Site codes are as follows: AMS is Amsterdam Island and GOU is Gough Island. 
 AMS GOU 
AMS - 0.000 
GOU 0.062 - 
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Supplementary Table 28. FST between all sampled colonies of Eudyptes pachyrhynchus. FST is below, 
corrected P value is above. The P values are <0.05 (shown in bold). All analyses were calculated across 
10,000  bootstraps. Site codes are as follows: COD is Codfish Island; MIL is Milford Sound; and JAC is 
Jackson Head. 
 COD MIL JAC 
COD - 0.014 0.002 
MIL 0.005 - 0.014 
JAC 0.010 0.008 - 
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Supplementary Table 29. FST between all sampled colonies of Eudyptes robustus. FST is below, 
corrected P value is above. The P value is >0.05. All analyses were calculated across 10,000 bootstraps. 
Site codes are as follows: SNA is The Snares; WES is Western Chain. 
 SNA WES 
SNA - 0.280 
WES 0.007 - 
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Supplementary Table 32. Model likelihood values as inferred by Fastsimcoal2. 
Taxon Log MaxEstLhood Log MaxObsLhood 
Eudyptes chrysolophus chrysolophus 
and E. c. schlegeli -12872.481 -12543.264 
Eudyptes filholi -11020.386 -10938.23 
Pygoscelis adeliae -5679.908 -5433.501 
Pygoscelis papua -5640.506 -5627.953 
Pygoscelis antarctica -16887.056 -16627.721 
Aptenodytes patagonicus -7376.743 -7143.136 
Aptenodytes forsteri -8122.035 -7798.126 
Eudyptes chrysocome -10435.277 -10426.278 
Eudyptes pachyrhynchus -5601.985 -5591.842 
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Supplementary Table 33. Tajima’s D for Eudyptes, Pygoscelis and Aptenodytes penguins as inferred by 
δaδi. Negative values suggest a population expansion and positive values suggest a stable or negative 
Ne. *Note Eudyptes pachyrhynchus did not have a statistically significant P-value, even though it had a 
negative Tajima’s D. 
Taxon Expansion Tajima's D P- value 
Eudyptes chrysolophus chrysolophus 
and E. c. schlegeli Yes -0.77 <0.001 
Eudyptes filholi Yes -0.21 <0.001 
Pygoscelis adeliae Yes -0.77 <0.001 
Pygoscelis papua No 0.77 <0.001 
Pygoscelis antarctica Yes -0.31 <0.001 
Aptenodytes patagonicus Yes -1.15 <0.001 
Aptenodytes forsteri Yes -0.76 <0.001 
Eudyptes moseleyi No 0.13 <0.001 
Eudyptes chrysocome No 0.73 <0.001 
Eudyptes pachyrhynchus Yes* -0.03 0.135 
Eudyptes robustus No 0.16 <0.001 
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Supplementary Table 34. Summary of Multi-dice results. The median, mean and mode for the time of 
a synchronous expansion event (in years) is shown, and the proportion of co-expanding taxa. 
 Median Mean Mode 
Time of synchronous expansion event (years) 10,604 14,342 7,126 
Proportion of co-expanding taxa 0.43 0.42 0.28 
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Chapter 4 
Ancient DNA of crested penguins: Testing for temporal 
genetic shifts in the world’s most diverse penguin clade 
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Abstract 
Human impacts have substantially reduced avian biodiversity in many parts of the world, 
particularly on isolated islands of the Pacific Ocean. The NZ archipelago, including its five sub-
Antarctic island groups, holds breeding grounds for a third of the world’s penguin species, 
including several representatives of the diverse crested penguin genus Eudyptes. While this 
species-rich genus has been little studied genetically, recent population estimates indicate that 
several Eudyptes taxa are experiencing contemporary demographic declines. Although 
Eudyptes are currently limited to the southern regions of the NZ archipelago, fossil and 
archaeological deposits suggest a wider distribution during prehistoric times, with breeding 
ranges perhaps extending to the North Island. Here, we analyse ancient, historic and modern 
DNA sequences to explore two hypotheses regarding the recent history of Eudyptes in NZ, 
testing for (1) human-driven extinction of Eudyptes lineages; and (2) reduced genetic diversity 
in surviving lineages. From 83 prehistoric bone samples, each tentatively identified as 
‘Eudyptes spp.’, we genetically identified six prehistoric penguin taxa from mainland NZ, 
including the extinct E. warhami. Moreover, our demographic analyses indicated that, while 
the breeding range of the E. pachyrhynchus may have contracted markedly over the last 
millennium, genetic DNA diversity within this lineage has remained relatively constant. This 
result contrasts with human-driven biodiversity reductions previously detected in several NZ 
coastal vertebrate taxa. 
Introduction 
Humans have had major impacts on island biota (Duncan et al., 2013; Wood et al., 2017). 
Hunting, habitat loss and the introduction of invasive predators accompanied human settlement 
and caused declines and extinctions of many island species (Spatz et al., 2017; Wood et al., 
2017), particularly those endemic to the Pacific Islands (Steadman, 1989; Ceballos et al., 2015), 
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including NZ (Worthy & Holdaway, 2002). The unique evolutionary history of NZ’s vertebrate 
biota has long been the subject of particular scientific intrigue (Fleming, 1979; Diamond, 1990). 
With prolonged geographic isolation, and in the absence of mammalian predators, many native 
avian taxa evolved distinctive ecological adaptations and lost anti-predator defences. NZ was 
the world’s last major landmass to be settled by humans, with Polynesian arrival about 780 
years ago (Wilmshurst et al., 2008; Wilmshurst et al., 2011; Anderson, 2017), followed 520 
years later by European colonisation. Subsequently NZ’s biota has experienced a well-
documented decline that is clearly associated with human activities (Worthy, 1999; Worthy & 
Holdaway, 2002) over a period of relative climatic stability (Wanner et al., 2008; Rawlence et 
al., 2016; Waters et al., 2017). As a result of hunting (Rawlence et al., 2015a), rapid landscape 
modification (McWethy et al., 2010) and predation by introduced species that followed both 
colonisation events, a substantial proportion of NZ’s endemic vertebrates became extinct 
(Tennyson & Martinson, 2007). Those species unable to fly, including many birds, were 
particularly susceptible to these rapid ecological changes. Since initial human settlement, 61 
endemic birds have gone extinct (Tennyson & Martinson, 2007), 71 are now threatened with 
extinction, and 23 are classified as Nationally Critical (Robertson et al., 2016). 
Recently, a number of studies combined ancient and contemporary DNA analyses with 
morphological analyses and radiocarbon dating, to explore the impact of human settlement on 
population size in a range of extant and extinct NZ animal taxa (see Cole & Wood, 2017b), 
including sea lions (Phocarctos hookeri; Collins et al., 2014a; Collins et al., 2014b; Rawlence 
et al., 2016), fur seals (Arctocephalus spp.; Salis et al., 2016), kiwi (Apteryx spp.; Shepherd & 
Lambert, 2008; Shepherd et al., 2012), swans (Cygnus spp.; Rawlence et al., 2017a), kākāpō 
(Strigops habroptilus; Bergner et al., 2016; Dussex et al., 2018), kea (Nestor notabilis; Dussex 
et al., 2015), huia (Heteralocha acutirostris; Dussex et al., 2019), kōkako (Callaeas cinereus; 
Dussex et al., 2019) South Island shags (Leucocarbo spp.; Rawlence et al., 2015b, 2017a) and 
penguins (Megadyptes and Eudyptula spp.; Boessenkool et al., 2008; Rawlence et al., 2015a; 
Grosser et al., 2015; Grosser et al., 2016). Several of these analyses have discovered cryptic 
extinctions and population declines in coastal and marine fauna following human settlement, 
and subsequent range expansions of congeneric species. For example, the presence of bones 
attributed to Megadyptes antipodes antipodes in natural and archaeological bone deposits 
around the NZ coast led to the assumption that this species had been present on the mainland 
before human settlement. By combining ancient and contemporary DNA with morphological 
analyses, Boessenkool et al. (2008) overturned this hypothesis, revealing that a previously 
unknown Megadyptes taxon, M. a. waitaha had inhabited the NZ coast prior to human arrival. 
Following human settlement M. a. waitaha was likely hunted to extinction, and was 
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subsequently rapidly replaced by an expanded population of M. a. antipodes from the sub-
Antarctic (Rawlence et al., 2015a). Moreover, Grosser et al. (2015) and Grosser et al. (2017) 
identified that two species of Eudyptula now breed around the NZ coast; the endemic Eudyptula 
minor and the Australian E. novaehollandiae. Grosser et al. (2016) demonstrated that the 
presence of E. novaehollandiae in NZ represents a cryptic colonisation event from Australia, 
that probably followed the localised extirpation of the Otago E. minor lineage. However, little 
is known about whether similar extinction/colonisation events occurred within prehistoric 
crested penguins (Eudyptes spp.) in NZ, even though skeletal remains belonging to this genus 
have been collected from natural Pleistocene and Holocene subfossil and midden deposits 
around NZ (Scarlett, 1979; Leach, 1979; Millener, 1990; Worthy, 1997). 
New Zealand provides important breeding grounds for half of the world’s Eudyptes penguins. 
Endemic Eudyptes include E. sclateri, which breeds on the Antipodes and Bounty Island 
groups, E. robustus which breeds on The Snares and Western Chain islets; and E. 
pachyrhynchus, which breeds in dense forest along the coast of southern Westland and 
Fiordland in the South Island, Stewart Island and smaller offshore islands. Several studies have 
demonstrated major declines in Eudyptes during the late 20th century (Crawford et al., 2009; 
Crawford et al., 2010; Davis, 2013; Morrison et al., 2015; Otley et al., 2018). Taylor (2000) 
and Otley et al. (2018) suggest E. pachyrhynchus populations have declined significantly 
during this time. Surveys of E. sclateri suggested that populations were stable until 2011, but 
subsequently declined by 19 percent (Hiscock & Chilvers., 2014). In contrast, Warham (1974a), 
Mattern (2013) and Hiscock and Chilvers (2016) suggested that E. robustus populations have 
remained stable. By contrast, the extent to which any such recent demographic shifts might 
have impacted the genetic composition of Eudyptes populations remains unclear. 
Here, we investigate the prehistoric distribution and population history of Eudyptes species in 
NZ by comparing genetic information derived from prehistoric bones, historical museum skins, 
and blood from extant populations. Specifically, we test two hypotheses regarding the effects 
of human colonisation on Eudyptes diversity: (1) human-driven extinction of Eudyptes 
lineages; and (2) temporal declines in genetic diversity within extant Eudyptes lineages. 
Materials and Methods 
Source of specimens 
Sub-fossil and archaeological bones (n = 83) tentatively identified as Eudyptes spp. based on 
size, and historical museum skins (n = 27, in addition to 21 sequences obtained from GenBank; 
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Supplementary Tables 35 and 36) were sourced from collections at the NMNZ, Canterbury 
Museum, Auckland War Memorial Museum and the Australian National Wildlife Collection 
(ANWC). To ensure independence of prehistoric samples, only common elements of the left or 
right orientation were sampled from an individual deposit, or else bones were sampled from 
different stratigraphic units within a site. In addition, whole blood or tissue (n = 87) was 
collected from wild individuals across the breeding range of E. pachyrhynchus, E. robustus and 
E. sclateri (except the Bounty Islands) (Supplementary Table 35). Our final sample size 
consisted of 268 specimens (including additional specimens obtained from GenBank) collected 
across NZ and the sub-Antarctic region, over a temporal scale encompassing the time period 
from initial human arrival to the present (i.e. the last 780 years before present). Ages were 
determined based on stratigraphic context (archaeological details and radiocarbon dates 
provided in Supplementary Table 35). 
 
Figure 21. Sampling locations for prehistoric, historic and modern NZ penguin samples. Prehistoric 
indicates prehistoric sub-fossil and archaeological bones, Historic indicates historical museum skins 
and Modern indicates contemporary blood. Historical museum skins that do not have locality 
collection details associated with them (Supplementary Tables 35 and 36) are not shown on the map. 
Modern breeding sites of Eudyptes penguins are shown; E. pachyrhynchus (green), E. robustus (yellow), 
E. sclateri (orange) and the Macquarie Island-endemic E. chrysolophus schlegeli (blue). Samples from 
sub-Antarctic islands outside the Australian and NZ region are not shown, but can be referred to in 
Supplementary Table 35. Historical Macquarie Island samples were obtained from Cole et al. (2018; 
Chapter 5). Note E. c. schlegeli breeds on Macquarie Island, which is outside of the NZ sub-Antarctic 
region. 
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DNA extraction, amplification and sequencing 
DNA was extracted following several techniques, optimised for the sample type used. aDNA 
extraction and PCR set-up for sub-fossil bones, archaeological bones and historical museum 
skins were carried out in two purpose-built aDNA laboratories that were physically isolated 
from other molecular laboratories, following rigorous aDNA protocols (Cooper & Poinar, 
2000). DNA extractions were mostly performed at the Department of Zoology, University of 
Otago, Dunedin following Rohland et al. (2010) for sub-fossil and archaeological material and 
Rawlence et al. (2015a) for historical museum skins. Three prehistoric specimens from Hunter 
Island, Tasmania, were extracted at MWLR, Lincoln, following Thomson et al. (2014), as 
outlined in Cole et al. (2018; Chapter 5). DNA from blood was extracted following the Qiagen 
DNeasy® Tissue Extraction Kit (Qiagen Inc., Chatsworth, California, USA) at MWLR, 
Lincoln. 
To verify and assign the historical museum skins and sub-fossil/archaeological bones to a 
species we followed the methods described by Cole et al. (2018; Chapter 5) to amplify up to 
500 bp of the COI gene, using four overlapping primer pairs, appropriate for aDNA. To 
supplement the dataset, we sequenced COI from two samples of Megadyptes antipodes waitaha 
and three of M. a. antipodes, which have previously been differentiated based on their 
mitochondrial CR sequences. As the COI markers could only amplify one to two fragments for 
Megadyptes ssp., we assigned samples that were identified as Megadyptes ssp. to species level 
using the CR primers of Boessenkool et al. (2008). To test the demographic history of Eudyptes 
spp., we also designed Eudyptes specific primers (Eud_CR2F 
5’GGGTTTAGTCCTCTCTATTGGG and Eud_CR1R 
5’GCTTACTGCTGTGTTTCAGGGA) to amplify a 131 bp CR fragment that contains 23 
variable sites, 16 of which are parsimoniously informative, within Eudyptes (E. pachyrhynchus: 
12 variable/6 informative; E. robustus: 7 variable/3 informative; E. sclateri: 10 variable/7 
informative). PCRs (12.5 µL each) were performed on sub-fossil/archaeological and historical 
skin material using 2 mg/mL BSA (Sigma), 1 X PCR buffer, 2 mM MgSO4, 80 µM dNTPs, 0.4 
µM of each primer, 0.625 U of HiFi Platinum Taq (Invitrogen) and 1 µL DNA on a BIO-RAD 
MyCycler thermal cycler with an initial denaturation of 94°C for 3 min; followed by 55 cycles 
of 94°C for 30 s, 55°C for 30 s and 68°C for 45 s; and a final extension at 68°C for 10 min. 
PCRs for amplifying the CR from blood samples were performed in 1 X PCR buffer, 250 µM 
dNTPs, 1.25 U of i-Taq (iNtRON), 0.25 µM of each primer, and 1 µL DNA, following the same 
PCR conditions while lowering the number of cycles to 42 and raising the annealing 
temperature to 58°C. PCR products were purified using SPRIselect (Beckman Coulter, Inc., 
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Indianapolis, IN, USA) or exoSAP-ITTM (ThermoFisher Scientific), for sub-
fossil/archaeological/historical museum skins and blood samples respectively, and sequenced 
at the MWLR sequencing facility, Auckland, on an Applied Biosystems 3500xL Genetic 
Analyzer. 
Contiguous sequences of both COI and CR were constructed and aligned using Geneious 8.1.8 
(Biomatters) from high quality bidirectional sequence reads and checked manually. Due to post-
mortem DNA damage, when inconsistency between sequences from a given individual was 
observed (e.g. G to A and C to T transitions), additional PCR and bi-directional sequencing was 
conducted, and a majority rule consensus was applied (Brotherton et al., 2007). 
Phylogenetic analysis 
To verify and assign the samples to a species, we created two Bayesian maximum-credibility 
phylogenies using COI, and one Bayesian maximum-credibility phylogeny using the 
Megadyptes specific CR. As is typical with aDNA, our data contained some partial sections, 
e.g. missing sequence data. We therefore constructed a first phylogeny which contained all COI 
data, and a second phylogeny that contained only samples with three to four of the four 
overlapping fragments. In addition, we included one sequence representative of all extant 
Sphenisciform species, and Diomedia exulans as an outgroup from GenBank. For the 
Megadyptes phylogeny, we obtained an additional 15 and 17 M. antipodes waitaha and M. a. 
antipodes sequences, and one E. chrysocome sample as an outgroup from GenBank 
(Supplementary Table 36). In addition, we created a CR phylogeny to test for phylogeographic 
structure among E. pachyrhynchus samples. All phylogenetic trees were created using BEAST 
2.4.7 (Bouckaert et al., 2014), with a relaxed log-normal clock for COI and a strict clock for 
CR, with a Yule model of speciation for 100 million MCMC generations, sampling tree 
parameters every 1000 generations with a burn-in of 10%. Each tree was replicated in triplicate 
and combined using Log Combiner. We implemented the AIC in JModelTest2 (Darriba et al., 
2012) to determine the most appropriate model (Jukes Cantor for all genetic markers). 
Temporal haplotype network 
We created temporal haplotype networks using CR sequences for E. pachyrhynchus, E. sclateri 
and E. robustus by employing the TempNet R script (Prost & Anderson, 2011) to visualise 
haplotypic changes over a temporal scale for sub-fossil/archaeological bones, historical 
museum skins and blood for each time period. We amplified 111 bp of the CR from a Eudyptes 
taxon which fell separate to E. pachyrhynchus, E. sclateri and E. robustus (see also Cole et al. 
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2019b; Chapter 2), so we created additional networks that included a representative of all 
Eudyptes species, except E. moseleyi because no sequence was available. 
Estimating temporal fluctuations of Ne 
We reconstructed the demographic history of E. pachyrhynchus by creating a Bayesian Skyline 
Plot (BSP) (Drummond et al., 2005) in BEAST 2.4.7. Tip dates, in mean calibrated years before 
present (where present is 2016) were determined for all samples based on (1) dates of associated 
biological material from the same archaeological sites, excavation squares or stratigraphic 
units; (2) associated faunal/cultural assemblages; and (3) collection date for historical skins (see 
Supplementary Table 35). We removed the sample AD357 (from North Cape, Northland) from 
the analysis because we were not confident about its calibrated age (between 6 Ka BCE to 1450 
CE) and collection locality (an outlier to all other locations). We found no phylogeographic 
structure within E. pachyrhynchus (see Figure 22) so the assumption of population panmixia 
was not violated (Drummond et al., 2005). We estimated the timing of demographic events of 
E. pachyrhynchus using a constant, exponential increase, Bayesian Skyline coalescent prior in 
BEAST 2.4.7 using the Jukes Cantor model of nucleotide substitution and a strict molecular 
clock model of evolution. Each run was conducted three times, consisting of 50 million MCMC 
generations, sampling tree parameters every 1000 generations,with a pre-burn-in of 10%. An 
extended Bayesian Skyline coalescent prior was also attempted, extending the MCMC 
generations to 100 million, 150 million, 300 million and 500 million, however for those analyses 
the ESS values did not converge. A three-way comparison of each model produced high 
substitution rates (>2 substitutions/site/Ma). The Bayes Factor comparison indicated that the 
most likely model was the BSP, and the second most likely model was a constant population 
size. As the model likelihood values were only within two of each other, which may indicate 
low information content of our data (Ho et al., 2011), we chose the simpler model of constant 
population size as recommended by Ho et al. (2011). Nevertheless, we constructed the BSP 
using Tracer v1.6.0. The mean substitution rates for the BSP were 2.13 substitutions/site/Ma 
(95% CIs: 1.14 – 4.94 substitutions/site/Ma), and the constant population size was 2.69 
substitutions/site/Ma (95% CIs: 2.71 – 5.89 substitutions/site/Ma). This is a similar rate to other 
seabirds, e.g. the Otago shag (L. chalconotus) has 3.20 substitutions/site/Ma and the Foveaux 
shag (L. stewarti) has 1.73 substitutions/site/Ma (Rawlence et al., 2015b), however is faster 
than Pygoscelis adeliae which has 0.29 – 0.88 substitutions/site/Ma (Millar et al., 2008). 
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Figure 22. Bayesian phylogenetic tree of Eudyptes pachyrhynchus based on the CR. Coloured ovals 
represent the regional district that the sample originated from. Posterior probabilities >0.91 are 
shown. 
Given the shallow time-depth of our analyses (1151 cal years BP), we assessed whether our 
data contained sufficient temporal genetic structure to allow reliable estimates of substitution 
rates by randomising the dates across samples in 20 independent replicates and repeating the 
constant population size model analysis, as suggested by Ho et al. (2011), for low information 
content aDNA datasets. The 95% CIs of estimated substitution rates were visualised in Tracer. 
If the original mean rate-estimate was contained within the 95% CI of the randomised data sets, 
there is likely insufficient temporal structure for reliable rate estimation (Ho et al., 2011). A 
more conservative approach argues that substitution rates are unreliable if the 95% CI of the 
original rate-estimate and randomised data sets overlap (Duchene et al., 2015). Caution 
therefore needs to be taken over the reliability of our mean substitution rate estimate despite 
being similar to those of other seabirds (see also Rawlence et al., 2015b) given the wide CIs 
and that the temporal CR dataset failed both randomisation tests, i.e. over half the 95% CIs 
overlapped with the mean empirical rate estimate. This caveat reflects the fact that short 
mtDNA CR fragments provide only limited information for substitution rate estimation (Ho et 
al., 2007; Ho et al., 2011). 
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Testing demographic scenarios 
We used an ABC approach (Beaumont et al., 2002) implemented in DIYABC 2.1.0 (Cornuet 
et al., 2014) to test for population bottlenecks and to estimate values of key demographic 
parameters. Specifically, we designed models to test for the potential demographic declines in 
Eudyptes pachyrhynchus associated with LGM climate change (see also Chapter 3) and human 
arrival in NZ. We assumed a generation time of five years based on the age of first breeding 
(Otley et al., 2017). We did not analyse E. robustus or E. sclateri due to low sample size. Four 
models were tested: (1) a model of constant population size since the Holocene with Ne 
uniformly distributed through time (>3000 generations; >50 Ka cal years BC); (2) a model of 
Holocene decline (2000 – 3000 generations; 10 – 15 Ka cal years BP); (3) a model of human-
induced decline (2 – 160 generations, 10 – 800 cal years BP); and (4) a model of Holocene 
(2000 – 3000 generations; 10 – 15 Ka cal years BP) and human-induced (2 – 160 generations, 
10 – 800  cal years BP) declines (Supplementary Figure 25). Recent surveys suggest that the 
current population estimates are at least 5500 – 7000 mature E. pachyrhynchus individuals 
(BirdLife International, 2016) and there is no prior information on pre-human population size 
in the species available. We therefore used wide priors (Supplementary Table 37) for pre-LGM, 
pre-human and modern female effective population size (Nef). For this reason, we set up as 
condition of the ABC analysis the pre-LGM and pre-human Nef to be larger than the modern 
Nef in all the scenarios tested in order to simulate a population bottleneck (constraints applied 
to Ne: modern Nef < pre-LGM Nef and modern Nef < pre-human Nef). For each model, 1 million 
datasets were simulated with the defined demographic and marker parameters (Supplementary 
Table 38). Samples were grouped into three temporal samples corresponding to a modern (>50 
cal years BP), a historical (50 – 100 cal years BP) and a prehistorical period (500 – 1000 cal 
years BP). In our models, the collection times of these samples were thus set at 0, 20 and 200 
generations. We used a Jukes Cantor substitution model with a mean rate uniformly distributed 
between 1.00 × 10-8 and 1.00 × 10-7 substitutions/generations. For summary statistics, we used 
the number of haplotypes, number of segregating sites, mean of pairwise differences, and 
Tajima’s D. 
For model selection and parameter estimation, normalized Euclidean distances were calculated 
between the observed dataset and each of the simulated datasets using the local linear regression 
method of Beaumont et al. (2002). The posterior probabilities of each model were estimated by 
taking a logistic regression approach on the closest 1% of data sets to the observed data, 
providing both point estimated and 95% CIs (Cornuet et al., 2010; Fagundes et al., 2007). The 
posterior parameter distribution was estimated by retaining the 10,000 datasets for the preferred 
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model (1%) with the smallest Euclidean distances to the observed dataset (Supplementary Table 
37). To check model performance, we first empirically evaluated the power of the model to 
discriminate among models, to ensure confidence in our model choice. We simulated pseudo-
observed data sets with parameters drawn from the posterior parameter distribution of the 
preferred model and positioned the summary statistics of the observed data in the summary 
statistic distribution of these pseudo-observed datasets. The model was then considered suitable 
if the observed data summary statistics were included in the CIs drawn from pseudo-observed 
data. We then calculated statistical measures of performance and Type 1 and Type 2 error rates 
as a means of model checking (Cornuet et al., 2010; Excoffier et al., 2005). 
Results 
We successfully amplified COI and/or CR fragments from all blood samples and historical 
museum skins. Specifically, from a total of 83 sub-fossil and archaeological bones we amplified 
partial COI fragments from 41 samples, Eudyptes specific CR from 22 samples, and 
Megadyptes specific CR from nine samples. While the majority of samples (n = 32, including 
those obtained from GenBank; see Supplementary Tables 35 and 36) amplified for both mtDNA 
regions, a subset of sub-fossil and archaeological specimens failed to amplify for one or the 
other region (13 samples amplified COI but not CR, and four samples amplified CR but not 
COI; details in Supplementary Table 35). In total, the data obtained in our study captured a total 
of 58 new COI sequences, 145 new Eudyptes CR sequences and nine new Megadyptes CR 
sequences (Supplementary Table 35). All sequences were deposited on GenBank (details 
provided in Supplementary Table 35). 
Phylogenetic relationships 
We amplified COI from 41 sub-fossil and archaeological bones that had previously been 
tentatively identified as Eudyptes or Megadyptes based on morphological assessment, including 
five known Megadyptes penguins. Almost a third of the COI sequences (n = 16) fell within 
Eudyptes’ sister genus Megadyptes (Figure 23), although the posterior probabilities for these 
phylogenetic assignments using COI was sometimes low, possibly due to some specimens 
having limited amplification success (average 175 bp) and/or the relatively small genetic 
divergence values among some of these lineages. Use of Megadyptes specific CR primers 
similarly identified nine of these samples as representing the extinct M. a. waitaha (Figure 23).  
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Figure 23. Bayesian phylogenetic tree of Megadyptes penguins with aDNA CR sequences from NZ bone 
samples. Seven Megadyptes prehistoric sub-fossil and archaeological bone samples were identified (in 
bold; see also Supplementary Figure 20). Posterior probabilities for the main M. a. antipodes and M. 
a. waitaha clades are shown. 
 
We could not amplify CR for the remaining six samples so we only tentatively refer to them as 
Megadyptes spp. When we removed the short sequences, including all but two attributed to 
Megadyptes, the COI sequences successfully differentiated every Eudyptes species (except E. 
schlegeli/E. chrysolophus complex), including the occasionally merged E. pachyrhynchus/E. 
robustus (Figure 24). Of the remaining 25 samples, one is potentially attributable to E. sclateri, 
E. schlegeli/E. chrysolophus, one is either E. chrysolophus chrysolophus/E. c. schlegeli, three 
are E. sclateri, two are E. robustus, and 11 are E. pachyrhynchus (Figure 24; see Supplementary 
Figure 22 for an alternative placement of AD258). Seven samples formed a separate clade 
within Eudyptes, sister E. sclateri, yet contains no extant samples (Figure 24 and 
Supplementary Figure 22). While we refer to this taxon as Eudyptes clade X here (see Cole et 
al. 2019a), subsequent analyses of these samples in Cole et al. (2019b; Chapter 2) demonstrates 
that they are E. warhami. 
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Figure 24. Bayesian phylogenetic tree of penguins, with high-quality aDNA COI sequences from NZ 
bone samples. Eudyptes robustus samples from the Western Chain are indicated with WC. AD numbers 
with the species name indicated were from historical museum skins, whereas samples without the 
species names (in bold) were prehistoric sub-fossil or archaeological bone samples. The sample size 
has been reduced from Supplementary Figure 20 to include only samples with three to four of four 
overlapping COI fragments. 
Population declines and range contractions 
We amplified CR in 31 E. robustus individuals (n = 21 modern, n = seven historical, n = three 
prehistoric), 30 E. sclateri individuals (n = 18 modern, n = 10 historical, n = two prehistoric), 
72 E. pachyrhynchus individuals (n = 34 modern, n = 23 historical and n =  15 prehistoric) and 
one sample of E. warhami cf. Eudyptes clade X (111 bp). The Snares and Western Chain E. 
robustus populations which breed six weeks apart were genetically indistinguishable from one 
another, supporting additional analyses of SNPs (see Chapter 3). Moreover, our data revealed 
only six haplotypes in E. robustus, but indicate there may have been no loss of genetic diversity 
in this species through time. Our data revealed only 10 haplotypes in E. sclateri, and there was 
also no loss of genetic diversity in this species through time. Of the 12 haplotypes that were 
observed in E. pachyrhynchus, the temporal network (Figure 25 and Supplementary Figures 
23 – 24) showed only a slight downward trend of genetic diversity over the last 1151 years 
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(sub-fossil/archaeological bones had nine haplotypes, historical museum specimens had six 
haplotypes and contemporary blood had six haplotypes). We did not find any phylogeographic 
structure when comparing CR sequences across E. pachyrhynchus specimens (Figure 22). 
 
Figure 25. Temporal haplotype network of Eudyptes sclateri, E. robustus and E. pachyrhynchus. 
Coloured circles represent different haplotypes, with the size of the circle and number within the circle 
corresponding to the number of samples that had that haplotype. Small white circles represent those 
haplotypes that are present in one or two time periods, but are absent in the time period displayed. 
Black circles represent haplotypes that were absent from the dataset. Each layer represents a different 
time period, based on the sample type used (Prehistoric is sub-fossil and archaeological bone, Historic 
is historical museum skins and Modern is contemporary blood). The coloured cylinders connect those 
haplotypes that are present through multiple time periods. Green circles are E. pachyrhynchus, yellow 
circles are E. robustus and orange circles are E. sclateri. 
When testing for competing demographic scenarios for E. pachyrhynchus, a model of constant 
population size over the last millennium was supported with a posterior probability of 67 
percent (95% CI: 0.66 – 0.69) using the logistic regression approach (Supplementary Tables 37 
and 38). This finding is consistent with the BSP (Figure 26). By contrast, alternative models of 
post-LGM, human and/or post-LGM and human-induced declines obtained a posterior 
probability of 10%, 13% and 10%, respectively. The observed data summary statistics for the 
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preferred model were included in the CI’s drawn from pseudo-observed data (Supplementary 
Figures 25 and 26). Type 1 and Type 2 errors were 0.053 and 0.14, respectively for the preferred 
model of constant population size. 
 
Figure 26. Bayesian Skyline Plot of of historical Ne for Eudyptes pachyrhynchus. The solid black line 
represenst the median estimate of Ne, while the shaded green areas represent the 95% CIs. The period 
from Polynesian colonization of NZ 1280 –  1450 CE during which NZ’s megafauna was hunted to 
extinction (thick orange bar), and European arrival 1769 AD (thin orange bar) are shown. 
Discussion 
The present study presents genetic evidence for the formerly widespread distribution of 
Eudyptes pachyrhynchus throughout mainland NZ, which is consistent with previous 
morphological studies (Worthy, 1997). This is in contrast to our demographic models, which 
detected little change in population size, despite the apparent range reductions. Additionally, 
the detection of the extinct E. warhami cf. Eudyptes clade X in prehistoric NZ South and North 
Island archaeological and subfossil deposits raises further questions about the recent 
evolutionary history of this clade (also discussed in Cole et al. 2019b; Chapter 2). 
Prehistoric penguin fauna 
Our study genetically confirms the presence six large Eudyptes and Megadyptes penguin taxa 
(Figure 27) from mainland NZ’s prehistoric record (see Worthy, 1997), a result which contrasts 
with the presence of just two contemporary breeding mainland representatives of these genera. 
The novel finding of a previously unknown and presumed extinct clade of Eudyptes (Eudyptes 
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warhami cf. Eudyptes clade X, represented by seven archaeological and subfossil samples) 
provides intriguing new evidence of a cryptic coastal vertebrate extinction in the NZ region. 
This potentially adds to the findings of recent aDNA studies (e.g. Megadyptes, Phocarctos and 
Leucocarbo extinctions; Boessenkool et al., 2008; Collins et al., 2014a; Rawlence et al., 2015a; 
Rawlence et al., 2015b; Rawlence et al., 2016; Rawlence et al., 2017b; Rawlence et al., 2018). 
It is unclear, however, whether E. warhami cf. Eudyptes clade X also represented a mainland 
breeding colony e.g. in the northern South Island or the lower North Island, or whether they 
were primarily vagrants from the Chatham Islands (see Cole et al., 2019b; Chapter 2). Notably, 
vagrant Eudyptes are not uncommon to NZ (Robertson, 2017), and we therefore also suspect 
that the relatively ‘rare’ mainland records of E. warhami cf. Eudyptes clade X, as well as the E. 
sclateri, E. robustus, and E. c. schlegeli/E. c. chrysolophus specimens, and the single E. 
pachyrhynchus from Northland, likely represent vagrants. 
 
Figure 27. Penguin taxa identified from NZ bone samples. The map labelled ‘Unidentified’ indicates 
those samples that could not be amplified. Megadyptes samples in grey could not be identified to 
species level, so could be M. a. waitaha, M. a. antipodes or even M. a. richdalei (see Cole et al., 2019b; 
Chapter 2). Megadyptes identification is based on the CR. 
No loss of genetic diversity despite range contractions 
Based on our DIYABC analysis, our data supports a model of constant Ne in E. pachyrhynchus 
prior to human arrival in NZ, which suggests that the population has remained relatively stable. 
While the power of this demographic inference may be limited by the small sample size, 
however, based on our analyses it seems unlikely that hunting by early Polynesian settlers had 
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detectable species-wide effects on genetic diversity. These findings strongly contrast with 
recent studies on NZ coastal taxa such as the Otago shag (Leucocarbo chalconotus; Rawlence 
et al., 2015b) and NZ fur seals (Arctocephalus forsteri; Salis et al., 2016), which both 
experienced geographic and genetic declines. Importantly, in cases where populations are 
genetically well connected, range contractions do not necessarily result in substantially reduced 
Ne and genetic diversity, as seen in Matocq and Villablanca (2001), Hoffman and Blouin (2004) 
and Dussex et al. (2015). 
Based on these findings, we hypothesise that the core population of E. pachyrhynchus has 
remained stable in the remote southern and southwestern regions of the NZ South Island over 
recent centuries. Similarly, Rawlence et al. (2015b) and Salis et al. (2016) demonstrated that 
following extirpation of northern lineages, endemic genetic lineages of Leucocarbo shags and 
Arctocephalus seals have persisted in southern NZ throughout human settlement. The relatively 
low human pressure in this remote southern region (Waters et al., 2017) may explain why E. 
pachyrhynchus has persisted in the southern mainland. 
While our genetic data suggest that E. pachyrhynchus experienced anthropogenic range 
reductions in mainland NZ, alternative possibilities exist. The prehistoric presence of Eudyptes 
beyond its current range could instead represent occasional vagrant moulting individuals, rather 
than northern breeding colonies (Keogan et al., 2018). Moreover, Cole et al. (2018; Chapter 5) 
suggested there may be a bias towards large vagrant bird species in midden deposits, as such 
individuals may have attracted the attention of hunters and be more docile and easier to catch 
(Bried, 2003; Lees & Gilroy, 2009). Moreover, trading of penguins by Polynesians is unlikely, 
as only a few South Island endemic avian species have been found in fossil or archaeological 
deposits in the North Island (e.g. Worthy, 1998; Scofield et al., 2003), in comparison to cultural 
items (e.g. Davidson, 1988). Nevertheless, by the time Europeans arrived in NZ, E. 
pachyrhynchus was breeding only in the southwest of the South Island, an isolated region that 
has remained relatively inaccessible, with Polynesians largely abandoning the area following 
the extinction of terrestrial and coastal megafauna (Waters et al., 2017). These factors may help 
explain the apparently temporally stable genetic history of this species. 
The findings of our study might be consistent with the suggestion of Mattern and Long (2017) 
and Mattern and Wilson (2018), who commented that E. pachyrhynchus populations may not 
be declining as rapidly as previously indicated. Despite our finding of little change in mtDNA 
diversity across several centuries of human occupation and predation, ongoing monitoring will 
ensure future management and appropriate conservation decisions are made for E. 
pachyrhynchus. 
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Conclusions 
In conclusion, our aDNA analysis confirms the presence of substantial penguin species 
diversity in prehistoric mainland NZ, including the finding of Eudyptes warhami cf. Eudyptes 
clade X that has no extant equivalents. Despite a possible range contraction, the findings also 
suggest that the extant mainland E. pachyrhynchus has persisted within its core range, with 
relatively stable population size, likely owing to its presence in habitats that have experienced 
relatively limited human pressure. These findings highlight the potential for differential human 
impacts across species ranges.  
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Supplementary Figures for Chapter 4 
 
Supplementary Figure 22. Bayesian phylogenetic tree of penguins, with all aDNA COI sequences from 
NZ bone samples. Eudyptes robustus samples from the Western Chain are indicated with WC. AD 
numbers with the species name indicated were from historical museum skins, whereas samples 
without the species name (in bold) were were prehistoric subfossil or archaeological bone. Posterior 
probabilities for main clades >0.76 are shown. 
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Supplementary Figure 23. Temporal haplotype network of Eudyptes pachyrhynchus, E. robustus, E. 
sclateri and E. warhami. Coloured circles represent different haplotypes, with the size of the circle and 
number within the circle corresponding to the number of samples that had that haplotype. Small white 
circles represent those haplotypes that are present in one or two-time periods, but are absent in the 
time period displayed. Black circles represent haplotypes that were absent from the dataset. Each layer 
represents a different time period, based on the sample type used (Prehistoric is sub-fossil and 
archaeological bone, Historic is historical museum skins and Modern is contemporary blood). The 
coloured cylinders connect those haplotypes that are present through multiple time periods. Green 
circles are E. pachyrhynchus, yellow circles are E. robustus and orange circles are E. sclateri. The single 
prehistoric pink circle is Eudyptes warhami/Eudyptes clade X. 
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Supplementary Figure 24. Temporal haplotype network of Eudyptes penguins. Coloured circles 
represent different haplotypes, with the size of the circle and number within the circle corresponding 
to the number of samples that had that haplotype. Small white circles represent those haplotypes that 
are present in one or two-time periods, but are absent in the time period displayed. Black circles 
represent haplotypes that were absent from the dataset. Each layer represents a different time period, 
based on the sample type used (Prehistoric is sub-fossil and archaeological bone, Historic is historical 
museum skins and Modern is contemporary blood). The coloured cylinders connect those haplotypes 
that are present through multiple time periods. Green circles are E. pachyrhynchus, yellow circles are 
E. robustus, orange circles are E. sclateri, light blue circles are E. chrysolophus schlegeli, mauve circles 
are E. c. chrysolophus, dark blue circles are E. filholi, the purple circle is E. chrysocome and the pink 
circle is E. warhami cf. Eudyptes clade X. 
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Supplementary Figure 25. Demographic models for Eudyptes pachyrhynchus associated with post-
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Supplementary Figure 26. Model checking of the demographic analyses of Eudyptes pachyrhynchus 
associated with post-LGM climate change and human arrival in NZ. The figure shows a PCoA in the 
space of summary statistics using datasets simulated with the prior distributions of parameters 
(orange circles), observed dataset (yellow circle) and posterior distribution datasets (red circles). The 
model fits well with the observed data because the observed dataset (yellow circle) is in the middle of 
datasets from the posterior predictive distribution. (A) is PCs 1 and 2; and (B) is PCs 3 and 4. 
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Supplementary Table 36. Sequences obtained from GenBank. Sample number refers to tissue samples 
of which COI was obtained in Cole et al. (2018; Chapter 5) and which CR has been obtained in this 
study. Note additional COI sequences were obtained in Cole et al. (2018) (Chapter 5) but were not used 
in this study. 
Taxon Accession number Sequence Sample number 
Aptenodytes forsteri EU525299 COI NA 
Aptenodytes patagonicus EU525303 COI NA 
Diomedia exulans DQ137168 COI NA 
Eudyptes chrysocome AB775513 CR NA 
Eudyptes chrysocome DQ525800 COI NA 
Eudyptes chrysolophus chrysolophus MF469857 COI NA 
Eudyptes chrysolophus chrysolophus MF469863 COI NA 
Eudyptes chrysolophus chrysolophus MF469859 COI NA 
Eudyptes chrysolophus chrysolophus MF469864 COI NA 
Eudyptes chrysolophus chrysolophus FJ582595 COI NA 
Eudyptes filholi DQ525795 COI NA 
Eudyptes moseleyi DQ525790 COI NA 
Eudyptes pachyrhynchus MF469874 COI AD257 
Eudyptes pachyrhynchus MF469869 COI AD259 
Eudyptes pachyrhynchus MF469870 COI AD260 
Eudyptes pachyrhynchus MF469873 COI AD261 
Eudyptes pachyrhynchus MF469876 COI AD262 
Eudyptes pachyrhynchus MF469881 COI AD264 
Eudyptes pachyrhynchus MF469879 COI AD265 
Eudyptes pachyrhynchus MF469877 COI AD266 
Eudyptes pachyrhynchus MF469880 COI AD267 
Eudyptes pachyrhynchus EU525345 COI NA 
Eudyptes robustus MF469856 COI AD270 
Eudyptes robustus MF469855 COI AD272 
Eudyptes robustus EU525347 COI NA 
Eudyptes chrysolophus schlegeli MF469865 COI NA 
Eudyptes chrysolophus schlegeli MF469862 COI NA 
Eudyptes chrysolophus schlegeli MF469861 COI NA 
Eudyptes chrysolophus schlegeli MF469858 COI NA 
Eudyptes chrysolophus schlegeli FJ582599 COI NA 
Eudyptes sclateri MF469866 COI AD304 
Eudyptula minor EU525402 COI NA 
Eudyptula novaehollandiae EU525396 COI NA 
Megadyptes antipodes antipodes DQ137184 COI NA 
Megadyptes antipodes antipodes FJ822140 CR NA 
Megadyptes antipodes antipodes FJ391944 CR NA 
Megadyptes antipodes antipodes FJ391945 CR NA 
Megadyptes antipodes antipodes FJ391946 CR NA 
Megadyptes antipodes antipodes FJ391947 CR NA 
Megadyptes antipodes antipodes FJ391948 CR NA 
Megadyptes antipodes antipodes FJ391949 CR NA 
Megadyptes antipodes antipodes FJ391950 CR NA 
Megadyptes antipodes antipodes FJ391951 CR NA 
Megadyptes antipodes antipodes FJ391952 CR NA 
Megadyptes antipodes antipodes FJ391953 CR NA 
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Megadyptes antipodes antipodes FJ822137 CR NA 
Megadyptes antipodes antipodes FJ822138 CR NA 
Megadyptes antipodes antipodes FJ822139 CR NA 
Megadyptes antipodes antipodes FJ822141 CR NA 
Megadyptes antipodes antipodes FJ822142 CR NA 
Megadyptes antipodes antipodes FJ822143 CR NA 
Megadyptes antipodes waitaha KP644153 CR NA 
Megadyptes antipodes waitaha FJ391953 CR NA 
Megadyptes antipodes waitaha FJ391954 CR NA 
Megadyptes antipodes waitaha FJ391955 CR NA 
Megadyptes antipodes waitaha FJ391956 CR NA 
Megadyptes antipodes waitaha FJ391957 CR NA 
Megadyptes antipodes waitaha FJ391958 CR NA 
Megadyptes antipodes waitaha FJ391959 CR NA 
Megadyptes antipodes waitaha FJ391960 CR NA 
Megadyptes antipodes waitaha FJ391961 CR NA 
Megadyptes antipodes waitaha FJ391962 CR NA 
Megadyptes antipodes waitaha FJ391963 CR NA 
Megadyptes antipodes waitaha FJ391964 CR NA 
Megadyptes antipodes waitaha FJ391965 CR NA 
Megadyptes antipodes waitaha FJ391966 CR NA 
Pygoscelis adeliae DQ137183 COI NA 
Pygoscelis antarctica EU525474 COI NA 
Pygoscelis papua EU525486 COI NA 
Spheniscus demersus EU525504 COI NA 
Spheniscus humboldti DQ137180 COI NA 
Spheniscus magellanicus EU525505 COI NA 
Spheniscus mendiculus DQ137179 COI NA 
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Supplementary Table 37. Prior and posterior distributions of parameters for a model of constant 
population size for Eudyptes pachyrhynchus as inferred by DIYABC. Timing of events in the case of this 
model is irrelevant because Nef remained constant through time. However, these events were kept in 
the model for consistency with the alternative models that included population declines. Timing of 
events is in number of generations, assuming a generation time of five years (Otley et al., 2017). * 
indicates that the same priors were used for pre-LGM and pre-human Nef in alternative models tested.  
 
Parameter Prior distribution Posterior mode 5 % 95 % 
Nef-pre-LGM and Nef-pre-human * Uniform [10 – 106] NA NA NA 
Nef Uniform [10 – 106] 5.81X104 4.28X104 8.38X105 
T_pre-human Uniform [2 – 160] 1.45X102 1.23X101 1.54X102 
T_pre-LGM Uniform [2000 – 3000] 2.87X103 2.06X103 2.96X103 
substitution rate (COI) Uniform [10-9 – 5X10-7] 4.57X10-8 3.10X10-8 4.45X10-7 
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Supplementary Table 38. Comparison of scenarios using the logistic regression approach on the 
closest 1%, 0.1% and 0.01% of data sets to the observed data, as inferred by DIYABC. See also 
Supplementary Figure 24. 
Number of simulations 
retained 
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Abstract 
The penguin species Tasidyptes hunteri van Tets & O’Connor, 1983, the sole representative of 
an extinct penguin genus, was described on the basis of four bones excavated from a prehistoric 
midden on Tasmania’s Hunter Island. Several authors have since questioned the validity of T. 
hunteri, citing the fragmentary nature of the remains and the similarity of some elements 
(coracoid and tarsometatarsus) to those of extant Eudyptes species. We designed four 
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overlapping primer pairs to amplify a 499 bp region of COI in penguins and used these primers 
to amplify and sequence COI from all known bones attributed to T. hunteri. The T. hunteri COI 
sequences were assessed within a phylogenetic framework against COI sequences for all extant 
penguin species. Our results reveal that the T. hunteri bones are an assemblage of remains from 
three extant penguin species (Eudyptes pachyrhynchus, E. robustus, Eudyptula 
novaehollandiae), and we find no molecular support for any of these bones representing an 
extinct penguin lineage. 
Introduction 
Penguins (Sphenisciformes) are a group of flightless marine birds widely distributed throughout 
the Southern Hemisphere (see Figure 11A). The exact number of extant penguin species 
reported often varies, mainly due to different taxonomic treatment of species and subspecies 
splits. Nevertheless, based on morphological and phylogenetic analyses (Bertelli & Giannini, 
2005; Cole et al., 2019b; Chapter 2), extant penguins fall into six clearly defined genera; 
Aptenodytes, Eudyptes, Pygoscelis, Spheniscus, Megadyptes and Eudyptula. 
Within some extant penguin species there is clear evidence for loss of genetic lineages as a 
result of human hunting (e.g. Eudyptula minor; see Grosser et al., 2015). Moreover, four 
penguin taxa are thought to have been hunted to extinction during the Holocene. Three of these 
were cryptic penguin taxa, revealed by aDNA analysis of archaeological midden deposits and 
natural sub-fossils in NZ and the Chatham Islands: Megadyptes antipodes waitaha 
(Boessenkool et al., 2008), M. a. richdalei (Cole et al., 2019b; Chapter 2) and Eudyptes 
warhami (Cole et al., 2019b, Chapter 2). These taxa were apparently hunted to extinction 
shortly after Polynesian arrival in the late 13th Century AD (Rawlence et al., 2015a; Cole et al., 
2019b; Chapter 2). 
The fourth example is Tasidyptes hunteri; van Tets and O’Connor, 1983. The description of 
this species was based on morphological analysis of bones from a prehistoric midden site on 
Hunter Island, just north of Tasmania. Available material of T. hunteri includes a complete 
pelvis in three parts (ANWC B21141, originally published as ANWC BS2670; holotype), a 
tarsometatarsus (ANWC B21143, BS2668; paratype), a corocoid (ANWC B21142, BS2669; 
paratype) and a synsacrum (ANWC B22669, BS2667; paratype) (see Figure 28 and 
Supplementary Table 39). All type specimens were excavated from amongst archaeological 
material on Hunter Island and are thought to represent at least two individuals (van Tets & 
O’Connor, 1983). Based on a single radiocarbon date and correlation with other middens on 
Hunter Island, the age of the bones are estimated to be <1600 cal years BP (van Tets & 
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O’Connor, 1983). In addition, two other bones from the ANWC are also referred to T. hunteri. 
These are a coracoid (ANWC B21145, originally registered as BS6618) from Louisa River 
Cave, Louisa Bay, southern Tasmania, and a coracoid (ANWC B21144, BS6612) from Prion 
Beach, southern Tasmania (see Figure 29). 
 
Figure 28. Tasidyptes hunteri holotype and paratypes.  (A) is the coracoid ANWC B21145 from Louisa 
Bay; (B) is the coracoid ANWC B21144 from Prion Beach; (C) is the coracoid ANWC B21142 from Hunter 
Island; (D – F) is the pelvis in three parts ANWC B21141 from Hunter Island; (G) is the tarsometatarsus 
ANWC B21143 from Hunter Island; and (H) is the synsacrum ANWC B22669 from Hunter Island. Scale 
bar is 50 mm each block. Photographs: Jamie Wood. 
In describing T. hunteri, van Tets and O’Connor (1983) compared morphological 
characteristics of the Hunter Island bones to those of 16 fossil and extant penguin taxa. They 
claimed that the T. hunteri bones were morphologically distinct, yet most closely resembled 
those of Megadyptes, Eudyptes and Eudyptula. The diagnosis of T. hunteri considered that the 
caudal part of the synsacrum differed from the three above-mentioned genera in having 
relatively broader fused vertebrae and longer, more slender lateral processes. Moreover, the 
lateral foramen vasculare proximale was situated more distally than the medial foramen 
vasculare proximale on the plantar surface of the tarsometatarsus (van Tets & O’Connor, 1983; 
Park & Fitzgerald, 2012). The distinctiveness of T. hunteri, however, has since been questioned 
by several authors (e.g. Fordyce & Jones, 1990; Ksepka & Clarke, 2010; Park & Fitzgerald, 
2012) on multiple grounds. First, the remains are fragmentary (e.g. the holotype was found in 
three separate parts). Second, the coracoid and the tarsometatarsus are indistinguishable from 
those of Eudyptes species. Third, the four type specimens were excavated from different 
stratigraphic horizons of the archaeological site and so may not represent a single taxon (Park 
& Fitzgerald, 2012). 
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Figure 29. Tasmanian sites where Tasidyptes hunteri and vagrant Eudyptes pachyrhynchus and E. 
robustus have been recorded. (A) Tasidyptes hunteri locations are marked in pink, Eudyptes 
pachyrhynchus is marked in green and E. robustus is marked in grey. These vagrant records were 
recorded between 1970 – 1991. Eudyptula novaehollandiae are not shown as they breed across much 
of coastal Tasmania. (B) Map of breeding localities of the endemic Eudyptes pachyrhynchus and E. 
robustus on NZ and The Snares Islands. 
Unfortunately, discrimination of Eudyptes species, and even between Eudyptes and 
Megadyptes, based on post-cranial bones is challenging given the high osteological similarities 
between species and extreme sexual dimorphism within species (see also Cole et al., 2019b; 
Chapter 2). This problem is further exacerbated when skeletal remains are fragmentary. Worthy 
(1997), for example, highlighted challenges in identifying differences between post-cranial 
elements of Eudyptes pachyrhynchus, E. robustus, E. sclateri and Megadyptes antipodes. 
Worthy (1997) found that many osteological features of these taxa to be very similar, noting 
that elements overlapped in size between species in these two genera.  
Molecular analyses offer an alternative approach for elucidating the taxonomic relationships of 
morphologically similar archaeological remains. Here, we present aDNA analyses of all 
archaeological remains attributed to Tasidyptes hunteri in order to assess the phylogenetic 
status of this taxon. In doing so we also present new penguin specific primers designed to 
amplify a diagnostic 499 bp fragment of the COI gene, a marker which has been widely used 
to delineate bird species (Tizard, 2019) and, in some cases, identify cryptic species (Hebert et 
al., 2004). As such, these primers were subsequently used to identify between Eudyptes and 
Megadyptes taxa in Cole et al. (2019b; Chapter 2) and Cole et al. (2019a; Chapter 4). 
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Materials and Methods 
DNA Extraction 
Ancient DNA extractions were performed in dedicated aDNA facilities at the Department of 
Zoology, University of Otago, Dunedin, MWLR, Lincoln, and the NMNZ, Wellington. 
Standard aDNA protocols, as advocated by Cooper and Poinar (2000) were used, including the 
use of physically isolated dedicated aDNA facilities and extraction and PCR controls. DNA 
was extracted from each specimen using the Qiagen DNeasy® Tissue Extraction Kit (Qiagen 
Inc., Chatsworth, California, USA) following a modified protocol adapted for bone collagen 
(Thomson et al., 2014). 
Primer design, polymerase chain reaction and sequencing 
We designed penguin specific internal primers (Supplementary Table 40) to amplify a 499 bp 
diagnostic region of COI in four short overlapping fragments, suitable for degraded or aDNA. 
Primers were tested on 22 historical tissue samples from all Eudyptes taxa except E. moseleyi 
and E. chrysocome (Supplementary Tables 41). The primers were also used to amplify COI 
from each Tasidyptes hunteri specimen (Supplementary Table 40), with each of the four 
fragments being amplified and sequenced at least twice for each specimen. PCRs (12.5 µL each) 
were performed using 2 mg/mL RSA (Sigma), 1 X PCR buffer, 2 mM MgSO4, 80 µM dNTPs, 
0.4 µM each primer, 0.625 U of HiFi Platinum Taq (Invitrogen), and 1 µL DNA on a BIO-RAD 
MyCycler thermal cycler with an initial denaturation of 94°C for 3 min; followed by 55 cycles 
of 94°C for 30 s, 59°C for 30 s and 68°C for 45 s; and a final extension at 68°C for 10 min. 
PCR products were purified using SPRIselect (Beckman Coulter, Inc., Indianapolis, IN, USA) 
and sequenced at the MWLR sequencing facility on an Applied Biosystems 3500xL Genetic 
Analyzer in Auckland. 
Data analysis 
We used Geneious R8 (Biomatters) to examine, edit and align forward and reverse consensus 
sequences for each specimen. We used MEGA v.6 to align sequences with the same region of 
COI for all penguin taxa obtained from GenBank and the Barcode of Life Database (BOLD) 
(see Supplementary Table 42). A maximum-credibility phylogeny was created using BEAST, 
with a HKY model (Hasegawa et al., 1985) with four gamma categories, Yule-speciation prior, 
and MCMC chain length of 30 million, recording every 1000 states with a 10% burnin. 
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Results 
We successfully amplified between 296 – 499 bp of the COI gene from all specimens using the 
four overlapping primer pairs (Genbank accession numbers MF469854 – MF469881). With the 
exception of Eudyptes chrysolophus chrysolophus/E. c. schlegeli complex (see Chapter 3), our 
primers successfully differentiated every Eudyptes species including the occasionally merged 
E. pachyrhynchus/E. robustus) (see also Chapter 3). In addition, these primers also amplified 
sequences effective in distinguishing between Eudyptes and Eudyptula penguin remains. 
Based on mtDNA relationships, the results from our analysis suggest that the bones referred to 
Tasidyptes hunteri are an artificial assemblage comprising three extant penguin species 
belonging to two genera (Figure 30): the holotype, paratype, Hunter Island coracoid, and 
Louisa River coracoid are phylogenetically attributable to Eudyptes pachyrhynchus, the 
coracoid from Prion Beach is attributable to E. robustus, and the synsacrum is attributable to 
Eudyptula novaehollandiae. 
 
Figure 30. Bayesian phylogenetic tree of penguins, including those attributed to Tasidyptes hunteri. 
Posterior probabilities are shown. 
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Discussion 
Ancient DNA results of the current analysis strongly indicate that T. hunteri is not a valid taxon, 
but instead represents an artificial assemblage of remains from extant penguin taxa. Moreover, 
where preserved, osteological characters of each bone (following Bertelli & Giannini, 2005) 
reflected the states present in the species to which it was assigned based on DNA. These 
findings contradict van Tets and O'Connor’s (1983) claim of a Holocene penguin extinction in 
southern Australia. Based on our analysis of the type material, we place Tasidyptes hunteri van 
Tets and O'Connor, 1983 in synonymy with Eudyptes pachyrhynchus Gray 1845.  
The presence of three species of penguin (formerly attributed to Tasidyptes) in Tasmania’s 
archaeological record is not surprising given the distributions and movement patterns of these 
taxa within the Australasian region. For example, Eudyptula is distributed along the southern 
coastline of Australia including Tasmania, Bass Strait Islands and NZ. Recent research has 
revealed that Eudyptula comprises two distinct lineages accorded species status by Grosser et 
al. (2015): Eudyptula novaehollandiae, historically endemic to Australia but now also on the 
Otago coast of NZ, and Eudyptula minor, endemic to NZ. Our results reveal that the synsacrum 
belonged to the primarily Australian E. novaehollandiae. It is likely that this bone was from a 
local colony, given that other Eudyptula bones were also recorded in the Hunter Island site (van 
Tets & O'Connor, 1983). Although other penguin species do not breed in Australia, at least 
eight have been recorded as vagrants in Tasmania (Iredale & Cayley, 1925; Hindwood, 1938; 
Woehler, 1992; Simpson, 2008; Eric Woehler, personal communication). Of these, Eudyptes 
robustus has regularly been recorded in the Southern Ocean waters near Australia during 
winter, around 5000 km from their breeding colonies on The Snares and Western Chain 
(Woehler, 1992; Simpson, 2008; David Thompson, personal communication). A similar winter 
movement pattern is exhibited by E. pachyrhynchus, where birds frequently disperse to 
southern Australian waters from their natal grounds along the southern NZ coast (Warham, 
1974b; Mattern et al., 2018; see Figure 31). These dispersal patterns may explain both the 
relatively frequent occurrence of these species in Tasmania and southern mainland Australia 
(44 records of E. pachyrhynchus, and five of E. robustus in Tasmania between 1970 – 1991; 
Woehler, 1992; see Figure 29), and their presence in archaeological deposits from this region. 
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Figure 31. Travelling paths of 17 Eudyptes pachyrhynchus individuals during their pre-moult journey 
between November 2016 and March 2017 based on satellite tags. Each coloured line represents a 
different individual. Note that data for only five complete paths were collected. This figure is adapted 
from Mattern et al. (2018). 
Nevertheless, our finding that the Hunter Island penguin bones include two vagrant species is 
not without precedent. Vagrant species, particularly medium to large sized birds, have been 
recorded previously from archaeological and prehistoric midden deposits around the world. For 
example, bones from at least ten individuals of the Australian pelican (Pelecanus 
conspicillatus) known from eight prehistoric midden deposits throughout NZ are considered to 
represent vagrant individuals (Lalas et al., 2014). A single vagrant sub-Antarctic Megadyptes 
antipodes antipodes has also been identified in a prehistoric midden deposit from NZ prior to 
the extinction of M. a. waitaha (Boessenkool et al., 2008) and vagrant E. warhami specimens 
have been identified from archaeological deposits on mainland NZ (Cole et al., 2019a; Chapter 
4). It is thought that cinereous vulture (Aegypius monachus) remains from the Roman period of 
the Netherlands and Belgium may also represent vagrant individuals (Groot et al., 2010). We 
suggest that there could even be a bias towards over-representation of large vagrant bird species 
in midden deposits. Such individuals may have attracted the attention of hunters due to being 
out of the ordinary, and may have temporarily been more docile and hence easier to catch due 
to the state of exhaustion commonly exhibited by long-distance vagrants (e.g. Bried, 2003; Lees 
& Gilroy, 2009). 
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Conclusions 
Mitochondrial DNA sequences reveal that the assemblage of bones upon which Tasidyptes 
hunteri was described includes more than one taxon (supporting the suggestion of Park and 
Fitzgerald, 2012). In fact, the assemblage represents three extant species: Eudyptula 
novaehollandiae, Eudyptes pachyrhynchus and E. robustus. The holotype of Tasidyptes hunteri 
was demonstrated to be from Eudyptes pachyrhynchus, and so Tasidyptes hunteri van Tets and 
O'Connor, 1983 is placed in the synonymy of Eudyptes pachyrhynchus Gray 1845. Eudyptula 
novaehollandiae remains the only penguin species known to have bred around mainland 
Australia during the Holocene. Our study provides a further example of how aDNA analyses 
can help resolve issues around the taxonomic identity of prehistoric remains. 
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Supplementary Tables for Chapter 5 
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Supplementary Table 40. Primers designed for amplifying COI in penguins. Amplicon length excludes 
primer sequences. 
Primer name Primer sequence (5’ – 3’) 3’ position on Eudyptes chrysocome 
reference mt genome 
Amplicon 
length (bp) Eud_COI_1 GNGACGACCAAATCTACAACGTAA 5666 142 
Eud_COI_1a GTAGGAAGGAAGGGGGGAGT 5809 
Eud_COI_2 GACATAGCATTCCCCCGCATG 5788 140 
Eud_COI_2a GGTGGAGTGAGAARATRGCTAAG 5929 
Eud_COI_3 GCTGGYACAGGATGRACTGTA 5881 141 
Eud_COI_3a RGGGGTTTGRTACTGTGAGAG 6023 
Eud_COI_4 ATTAACTTCATCACCACCGCC 6001 164 
Eud_COI_4a ATTGGGTCACCTCCTCCG 6166 
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Supplementary Table 42. Sequences obtained from GenBank and BOLD. 
Taxon Database Accession number 
Eudyptes pachyrhynchus Genbank DQ137170 
Eudyptes pachyrhynchus Genbank EU525344 
Eudyptes pachyrhynchus Genbank EU525345 
Eudyptes robustus Genbank DQ137176 
Eudyptes robustus Genbank EU525346 
Eudyptes robustus Genbank EU525347 
Eudyptes robustus Genbank EU525348 
Eudyptes robustus Genbank EU525349 
Eudyptes sclateri Genbank DQ137169 
Eudyptes sclateri BOLD GBIR0I83 
Eudyptes sclateri BOLD BROMB075 
Eudyptes sclateri BOLD BROMB076 
Eudyptes chrysolophus schlegeli Genbank FJ582596 
Eudyptes chrysolophus schlegeli Genbank FJ582597 
Eudyptes chrysolophus schlegeli Genbank FJ582598 
Eudyptes chrysolophus schlegeli Genbank FJ582599 
Eudyptes chrysolophus schlegeli Genbank DQ137175 
Eudyptes chrysolophus chrysolophus Genbank DQ137171 
Eudyptes chrysolophus chrysolophus Genbank FJ582593 
Eudyptes chrysolophus chrysolophus Genbank FJ582594 
Eudyptes chrysolophus chrysolophus Genbank FJ582595 
Eudyptes moseleyi Genbank DQ525786 
Eudyptes moseleyi Genbank DQ525787 
Eudyptes moseleyi Genbank DQ525788 
Eudyptes moseleyi Genbank DQ525789 
Eudyptes moseleyi Genbank DQ525790 
Eudyptes filholi Genbank DQ525791 
Eudyptes filholi Genbank DQ525792 
Eudyptes filholi Genbank DQ525793 
Eudyptes filholi Genbank DQ525794 
Eudyptes filholi Genbank DQ525795 
Eudyptes chrysocome Genbank DQ525796 
Eudyptes chrysocome Genbank DQ525797 
Eudyptes chrysocome Genbank DQ525798 
Eudyptes chrysocome Genbank DQ525799 
Eudyptes chrysocome Genbank DQ525800 
Eudyptula minor  Genbank EU525399 
Eudyptula minor  Genbank EU525400 
Eudyptula minor  Genbank EU525401 
Eudyptula novaehollandiae Genbank EU525393 
Eudyptula novaehollandiae Genbank EU525394 
Eudyptula novaehollandiae Genbank EU525395 
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Chapter 6 
Synthesis, recommendations and conclusions 
Synthesis 
The aim of this thesis was to understand how geological, climatic and human settlement 
histories have contributed to the evolution and biodiversity of penguin assemblages on Southern 
Ocean islands. As penguins represent a biologically diverse and widespread marine bird 
radiation, they provide a fascinating system for examining abiotic and biotic drivers of 
evolution. 
This thesis used a variety of approaches to test several broad evolutionary hypotheses. These 
included short DNA sequences (COI, CR), genome-wide markers (mitogenomes, SNPs) and 
morphological data (skeletal characters), analysed together under phylogenetic and 
demographic frameworks. Collectively, this thesis used penguins as a model system to 
demonstrate that (1) the recent emergence of islands in the Southern Ocean has promoted 
endemic species diversification; (2) climate change following the LGM promoted rapid 
circumpolar recolonisation to sub-Antarctic islands; (3) Polynesian arrival to NZ and the 
Chatham Islands resulted in extinction of island-endemic taxa, and (4) island geography and 
habitat preferences buffered several species from human-driven extirpation. Taken together, 
results from this thesis provide compelling evidence for the effects of  geological, climatic and 
anthropogenic impacts on Southern Ocean marine biodiversity. In this final chapter, I expand 
and connect the broad themes of the previous chapters, and place my research within the broader 
context of island biology.  
Major findings of this study 
Systematics and phylogenetics of modern penguins 
Phylogenetic results presented in this thesis support previous studies in recovering Spheniscus 
+ Eudyptula and Eudyptes + Megadyptes clades (Bertelli & Gianni, 2005; Baker et al., 2006; 
Ksepka et al., 2006). Aptenodytes + Pygoscelis were also recovered as basal to all other extant 
penguins, supporting recent findings of Subramanian et al. (2013) and Gavryushkina et al. 
(2017), despite other studies having recovered Aptenodytes alone as basal to all other extant 
penguins (e.g. Bertelli & Gianni, 2005; Baker et al., 2006; Ksepka et al., 2006), including a 
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recent study using high-coverage full mitogenome and nuclear genomes (Pan et al., in press). 
As such, it is almost certain that Aptenodytes is basal, and sister to all extant penguins. 
Nevertheless, phylogenetic results in this thesis have nonetheless provided new insights into 
the systematics of penguins, especially for the penguin genera Eudyptes, Megadyptes, 
Eudyptula and Tasidyptes. The following section provides the most up-to-date systematic 
recommendations, based on new molecular and morphological data from this thesis. 
Eudyptes 
Ancient DNA analysis of sub-fossil bones, combined with detailed morphological comparisons, 
led to the formal taxonomic description of Eudyptes warhami from the Chatham Islands 
archipelago. Although E. warhami was also detected in low numbers on the NZ mainland 
(referred to as Eudyptes clade X in Cole et al., 2019a; Chapter 4), the relatively large number 
of sub-fossil bones of this lineage present on the Chatham Islands, compared to the few found 
on the mainland, suggest that E. warhami was an endemic breeder on the Chatham Islands. The 
presence of E. warhami on the NZ mainland may reflect foraging or over-wintering ranges. The 
formal taxonomic description of this species was achieved through a combination of 
morphological and molecular analyses. Phylogenetic results revealed that E. warhami was 
sister to the extant Antipodes and Bounty Islands-endemic E. sclateri, which is commonly 
observed as a vagrant in both mainland NZ and the Chatham Islands (Powlesland, 1984; 
Marchant & Higgins, 1990; Taylor, 2000; Robertson et al., 2017; Mattern & Wilson, 2018). 
While previous studies (e.g. Tennyson & Millener, 1994) had suggested the presence of an 
extinct Eudyptes penguin on the Chatham Islands, no previous study had made a formal 
description of this unique penguin lineage. 
E. pachyrhynchus and E. robustus have only recently been recognised as separate species by 
Birdlife International (Mattern & Wilson, 2018). In the 1970s the Checklist of NZ Birds 
considered E. pachyrhynchus, E. robustus and E. sclateri as conspecific (Kinsky, 1970). 
Species-level splits for these lineages were favoured by Stonehouse (1971), Falla et al. (1974) 
and Warham (1974b), based on distinct morphological and ecological features. More recently, 
Davis and Renner (2003), Baker et al. (2006) and Ksepka et al. (2006) examined the 
evolutionary relationships of these taxa using morphology, protein data and short DNA 
sequences, supporting the separation of three species. However, a subsequent taxonomic review 
by Christidis and Boles (2008) still considered E. pachyrhynchus and E. robustus as 
conspecific. COI, CR, mitogenomes and genome-wide SNPs presented in this thesis all support 
species-level distinctions of E. pachyrhynchus, E. robustus and E. sclateri. 
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Previous research has suggested that populations of E. robustus breeding on The Snares and 
the Western Chain might represent separate taxa, based on slight differentiation in morphology 
and reproductive timing (Miskelly, 1997). COI, CR and genome-wide SNPs analysed here 
demonstrate no separation, and indicate that the two populations should remain synonymous. 
In addition to the taxonomic uncertainty regarding NZ’s endemic Eudyptes fauna described 
above, there has been substantial controversy regarding the taxonomy of the rockhopper 
penguin complex (E. moseleyi, E. chrysocome and E. filholi). In the 1990s, rockhopper 
penguins were considered to represent a single species (Martínez, 1992). Subsequently, based 
on genetic and behavioural studies, they were separated into two taxa; E. moseleyi and E. 
chrysocome (Jouventin et al., 2006). More recently, Banks et al. (2006), de Dinechin et al. 
(2009) and Frugone et al. (2018) suggested that rockhopper penguins should be separated into 
three separate species; E. moseleyi, E. chrysocome and E. filholi. Nevertheless, some authors 
still consider E. chrysocome and E. filholi as a single species, or consider E. filholi as a 
subspecies of E. chrysocome (Dickinson & Remsen, 2013; Pütz et al., 2013; Mays et al., in 
press). COI, CR, mitogenomes, and genome-wide SNPs from this thesis support the species-
level distinction of three rockhopper penguin taxa. 
The taxonomic status of E. chrysolophus chrysolophus versus E. c. schlegeli has similarly 
remained controversial. The Macquarie Island-endemic E. c. schlegeli is distinguished from the 
more-widespread E. c. chrysolophus by the former’s slightly larger size, white face, and 
localised breeding range. Based on these apparent morphological and ecological differences, 
the two taxa are commonly considered as distinct species (Bertelli & Giannini, 2005; Ksepka 
et al., 2006; Salton et al., 2019), or occasionally as subspecies (Brown & Klages, 1987; 
Christidis & Boles, 2008). Mitochondrial DNA sequences, mitogenomes, and genome-wide 
SNPs from this thesis demonstrate that  E. c. chrysolophus and E. c. schlegeli are genetically 
indistinguishable, with very little population structure within or between these taxa. This 
finding is further supported by recent analyses of short mitochondrial and nuclear sequences 
(Frugone et al., 2018) and genome-wide SNPs (Frugone et al., 2019). While robust genetic 
evidence strongly suggests that E. c. chrysolophus and E. c. schlegeli are incipient species (or 
in the earliest phase of speciation), in the absence of non-molecular evidence, such as 
differences in behaviour and ecology, they are tentatively referred to as subspecies of E. 
chrysolophus. 
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Megadyptes 
Megadyptes is a species-poor penguin genus, being restricted to NZ waters. Only two 
Megadyptes taxa have previously been described: the extant M. antipodes, and the slightly 
smaller, extinct M. waitaha (Boessenkool et al., 2008). While M. antipodes was once endemic 
to the NZ sub-Antarctic Campbell and Auckland Islands, the taxon has recently (last 400 years) 
expanded its range to the oceanic-temperate South Island of NZ, following the extinction of M. 
waitaha (Boessenkool et al., 2008; Rawlence et al., 2015a), which formerly occurred on NZ’s 
South and North Islands (Boessenkool et al., 2008; Rawlence et al. 2018). Boessenkool et al. 
(2008) described M. waitaha as a full species, based on CR sequences and comparison of 10 
morphological characters. Results from this thesis uncovered a third, even smaller, Megadyptes 
taxon from the Chatham Islands. Further aDNA analyses, using the same CR sequences of 
Boessenkool et al. (2008), as well as partial mitogenomes demonstrated that the Chatham 
Islands taxon was a distinct genetic lineage of M. antipodes, even though it was closer in size 
to M. waitaha. A re-analysis of the morphological characters of Boessenkool et al. (2008), 
combined with a comparison of additional morphological characters across all Megadyptes 
taxa, demonstrated that only size can reliably be used to morphologically distinguish any of the 
Megadyptes taxa. Therefore, in contrast to Boessenkool et al. (2008), results from this thesis 
concludes that there is no strong morphological differentiation between M. antipodes and M. 
waitaha. For this reason, Megadyptes is revised as a monotypic genus, comprising three distinct 
subspecies, including the newly-described Chatham Islands taxon M. a. richdalei. 
Eudyptula 
A recent genetic and morphological study by Grosser et al. (2017) recommended that Eudyptula 
penguins be recognised as two distinct taxa, which comprise the endemic NZ Eudyptula minor 
and the endemic Australian (and recently expanded Otago) E. novaehollandiae (Grosser et al., 
2016). Nevertheless, some authors still consider the two taxa as conspecific (Mattern & Wilson, 
2018), arguing that ecological research still needs to be undertaken to recognise the two taxa as 
distinct species. Analysis of mitogenomes demonstrates a deep evolutionary split between E. 
minor and E. novaehollandiae of 3.3 Ma, supporting Grosser et al. (2017) for the distinction of 
two taxa. 
Previous studies have also suggested that populations of E. minor breeding on the NZ Banks 
Peninsula represent a separate species or subspecies of E. minor, based on slight differences in 
morphology (Meredith & Sin, 1988a; Meredith & Sin 1988b; Challies & Burleigh, 2004; Baker 
et al. 2006). While this thesis does not explicitly address the status of this population, recent 
genetic data of Grosser et al. (2016) show no evidence that this phenotypically distinct 
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population (previously referred to as E. m. albosignata) represents a genetically distinct lineage 
of E. minor. 
Tasidyptes 
Hunter Island’s extinct penguin Tasidyptes hunteri was formally described by van Tets and 
O’Connor in 1983. Several authors (e.g. Fordyce & Jones, 1990; Ksepka & Clarke, 2010; Park 
& Fitzgerald, 2012) have since questioned the taxonomic validity of T. hunteri, citing the 
fragmentary nature of the remains and the similarity of some elements to those of extant 
Eudyptes penguins, while other studies have incorporated T. hunteri into phylogenetic analyses 
(Park et al., 2016). This thesis genetically tested all T. hunteri specimens and demonstrated that 
the taxon is actually based on an assemblage of sub-fossil bones derived from three different 
extant penguin species (Eudyptes robustus, E. pachyrhynchus and Eudyptula novaehollandiae). 
T. hunteri therefore, is not a valid taxon. 
Evolution and biogeography of modern penguins 
Evolution of modern penguins is linked to the emergence of geologically young islands 
This thesis provides the first temporal phylogenetic evidence suggesting that the emergence of 
young islands within the past five million years may have facilitated the evolution of several 
island-endemic penguin lineages. This thesis incorporated extensive new data (compared to 
previous phylogenetic studies of Baker et al., 2006; Ksepka et al., 2006; Subramanian et al., 
2013; Frugone et al., 2018 and Gavryushkina et al., 2017; see Figure 6), including 
mitogenomes for four additional penguin taxa, and new temporal calibration approaches 
derived from the fossil record. Divergence dates from this study imply that island emergence 
has been key to the evolution of Spheniscus mendiculus, Eudyptes warhami, E. moseleyi, E. 
chrysolophus schlegeli and possibly Eudyptes robustus and Megadyptes antipodes richdalei. 
Previous studies have suggested that the intersection of major ocean currents, such as ocean 
fronts may have promoted divergence between genetically structured rockhopper penguin 
species (de Dinechin et al., 2009; Frugone et al., 2018). For example, de Dinechin et al. (2009) 
and Frugone et al. (2018) suggested that the breeding range of rockhopper penguins are 
geographically separated by the STF. However, E. moseleyi (which is considered to only breed 
on islands north of the STF), actually breeds on islands both north (Tristan da Cunha, 
Amsterdam and St Paul Islands), and south (Gough Island) of the STF. The alternative 
hypothesis for the divergence of E. moseleyi from E. chrysocome/E. filholi, as put forward in 
this thesis, is that the recent volcanic emergence of Gough Island led to the original isolation of 
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founding E. moseleyi individuals (which may have been promoted by the ecological 
productivity in surrounding waters), followed by dispersal and colonisation of the younger 
Amsterdam and St Paul Islands. Limited evidence (e.g. shallow genetic structure) suggests that 
ocean fronts may have partly reduced gene flow between extant populations (discussed below), 
however, there is no evidence to indicate that ocean fronts have played a major role in the 
evolution of distinct taxa on a geological timescale. 
Based on phylogenetic analyses in this thesis, the divergence of other widespread penguin taxa 
such as E. filholi, E. chrysocome, E. chrysolophus chrysolophus, Aptenodytes patagonicus, A. 
forsteri and Pygoscelis papua generally occurred during the glacial and inter-glacial periods of 
the Pleistocene, pre-dating the islands that those taxa now breed on. While it remains possible 
that island emergence may have played a role in the diversification of those taxa, fossil records 
of the first diverging lineages are likely lost, due to changing sea-levels (see Figure 14). 
Shallow genetic structure detected in almost all sub-Antarctic and Antarctic penguin taxa 
Previous studies have suggested that the APF and the STF are barriers to dispersal within 
penguin populations (Friesen, 2005; Friesen et al., 2007; Munro & Burg, 2017; Clucas et al., 
2018; Frugone et al., 2018), which may have led to pronounced genetic structure, particularly 
within E. filholi, E. chrysolophus chrysolophus/E. c. schlegeli, Pygoscelis papua, Aptenodytes 
forsteri and A. patagonicus. While some relatively shallow genetic differentiation has been 
detected among some Southern Ocean populations of these taxa (see Chapter 3), these 
structures have probably only evolved recently (e.g. post-glacially), and the extent of 
differentiation among them is unlikely to be consistent with long-term isolation, as discussed 
below.  
New data from this thesis revealed no evidence to suggest any population genetic structure in 
the endemic and localised E. pachyrhynchus and E. robustus populations. Similarly, there is 
little evidence to support population level genetic structure between Eudyptes chrysolophus 
chrysolophus and E. c. schlegeli. Very shallow genetic structure within these subspecies (when 
they were combined as a single taxon) appears to correspond to (1) E. c. schlegeli north of the 
APF (Macquarie and Marion Island), (2) E. c. chrysolophus north and on the APF (Marion, 
Prince Edward, Kerguelen and Crozet Islands) and (3) E. c. chrysolophus south of the APF 
(Elephant, South Georgia and South Sandwich Islands). However, this pattern may also be 
explained by isolation by distance (Frugone et al., 2019) and island emergence (see above). 
Very subtle genetic structure may also be present between the NZ sub-Antarctic population of 
E. filholi, compared to other sub-Antarctic populations. There are potentially slightly higher 
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levels of population genetic structure present in E. chrysocome, however this thesis only 
sampled two geographically proximate populations on the Falkland Islands. Likewise, 
population genetic structure may be present between E. moseleyi populations on Gough and 
Amsterdam Island (as suggested by Frugone et al., 2018), however this thesis only sampled 
eight E. moseleyi individuals. These shallow patterns within E. filholi, E. chrysocome and E. 
moseleyi may instead relate to recent isolation during glaciation. Clucas et al. (2018) 
demonstrated negligible genetic structure in Pygoscelis antarctica and P. adeliae. Similarly, 
Cristofari et al. (2016) demonstrated that A. forteri represents a single panmictic unit, despite 
Younger et al. (2017) and Clucas et al. (2018) arguing for four distinct metapopulations of A. 
forsteri, and Clucas et al. (2016) and Clucas et al. (2018) arguing for two distinct 
metapopulations of A. patagonicus. While very shallow genetic structure within Pygoscelis 
antarctica, P. adeliae, Aptenodytes forsteri and A. patagonicus is possible, there remains little 
evidence for major within-species population genetic structure in these species. 
By contrast, populations of Pygoscelis papua within the Scotia Arc are distinct (Clucas et al., 
2014; Clucas et al., 2018). This pattern is potentially explained by both population isolation on 
both sides of the APF, as well as isolation during recent glaciation. An alternative explanation, 
as put forward by Clucas et al. (2018) relates to the behaviour and ecology of P. papua. 
Individuals of P. papua forage inshore on locally available prey, rarely ranging beyond the 
continental shelf (Lescroël & Bost, 2005; Ratcliffe & Trathan, 2012). The tendency of P. papua 
to remain in shelf waters may contribute to the high genetic differentiation by reducing 
introgression with other populations. Similarly, the coastal lifestyle observed in Megadyptes 
antipodes antipodes may also explain the genetic structure observed within the subspecies, and 
may explain the population differentiation that has also been observed within the extinct M. a. 
waitaha (Boessenkool et al., 2008) and the extant M. a. antipodes (Boessenkool et al., 2009). 
While Pygoscelis, Aptenodytes, Megadyptes and Eudyptes penguins have high dispersal 
capability, and commonly cross the APF or the STF, it remains unlikely that these ocean 
currents represent significant barriers to dispersal in any of these taxa. 
Penguins recolonised sub-Antarctic and Antarctic islands following the last ice age 
This thesis provides the first multi-species analysis in Southern Ocean assemblages, 
demonstrating that rapid climate change promoted recolonisation of sub-Antarctic and 
Antarctic coastlines. This thesis  demonstrates concerted population expansion events in almost 
all penguin taxa that breed on islands that were impacted by LGM winter sea-ice. In contrast, 
E. pachyrhynchus, E. robustus, E. moseleyi and E. chrysocome, which breed on islands north 
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of the LGM winter sea-ice, did not experience population expansions. These findings may 
support Fraser et al. (2011), who suggested that islands and major land masses located north of 
the LGM winter sea-ice, such as NZ, Campbell Island, Antipodes Islands, Auckland, Islands 
Amsterdam Island, Gough Island, Falkland Islands and Southern South America were likely 
refugial regions during the LGM (Fraser et al., 2009; Fraser et al., 2011; Rains et al., 2011; 
Hodgson et al., 2014; Fraser et al., 2018; Rainsley et al., 2019). However, sea levels have risen 
120 – 135 m since the LGM (Clark & Mix, 2002), so sub-fossil evidence from these coastlines 
is likely lost. 
Stable climate history promotes high species richness and phylogeographic structure in NZ 
penguins 
Evolutionary processes such as genetic drift are pronounced in isolated island populations. 
However, glaciation during ice ages can erode such processes, resulting in extinction, 
biogeographic shifts and post-glacial introgression. While the now-panmictic sub-Antarctic 
penguin populations may have once been geographically isolated from one another, many 
penguin populations were impacted by extensive glaciation during the last ice age. As such, 
these populations likely expanded to mid latitude refugia during past ice ages, and during post-
glacial periods recolonised the high latitudes. However, the NZ region represents hotspots for 
biodiversity both within and among coastal vertebrate lineages. The NZ region encompasses 
six island archipelagos (NZ South and North Islands, The Snares and Western Chain, Antipodes 
and Bounty Islands, Auckland Island, Campbell Island, Chatham Islands), which all remained 
free from substantial glaciation during the last ice age. For this reason, NZ represents a unique 
geographic region that is still shaped by long-term evolutionary processes. 
Almost half of all modern penguins inhabit the NZ region, with pronounced species richness 
and island-endemism, and distinct phylogeographic patterns within lineages. Four Eudyptes 
species are endemic breeders to NZ islands, separated by distinct biogeographic regions, e.g. 
E. pachyrhynchus on the NZ South Island, E. robustus on The Snares and Western Chain, E. 
sclateri on the Antipodes and Bounty Islands and E. warhami on the Chatham Islands, with 
shallow phylogeographic structure separating the Auckland, Antipodes and Campbell Island E. 
filholi lineage from the other non-NZ E. filholi lineage. Within Megadyptes penguins, there are 
also distinct biogeographic patterns within regions, e.g. M. a. antipodes on Antipodes and 
Auckland Islands, M. a. waitaha on the NZ South and North Island, and M. a. richdalei on the 
Chatham Islands. Even within Megadyptes subspecies, there is distinct phylogeographic 
structure, e.g. three distinct M. a. antipodes lineages, two distinct M. a. waitaha lineages. Even 
at a morphological scale, there appears to be distinct, recently evolved phenotypes, e.g. white-
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flippered Eudyptula minor on the NZ Banks Peninsula, compared to the other E. minor 
phenotype in the rest of NZ and Chatham Islands.  
The unique conditions in the NZ region, compared to other Southern Ocean regions may 
potentially provide some explanation to the high endemism, species richness, phylogeographic 
structure and morphological diversity. These factors likely include: (1) the geographical 
location of these islands, which were free from LGM sea-ice; (2) the relatively temperate 
climate, ranging from the sub-Antarctic Campbell Island to the oceanic-temperate NZ North 
Island, which may provide optimal climates for penguin populations; and (3) the diverse 
geological history of islands, e.g. the young Antipodes Islands, Chatham Islands and The Snares 
compared to the older NZ, Campbell and Auckland Islands, which together may have facilitated 
founder speciation and subsequent diversification. These abiotic processes may have led to the 
substantial primary productivity within this region, and may have initiated the high philopatry 
and localised dispersal within these penguin lineages, as has been noted in Megadyptes 
penguins. 
Demography and extinction in temperate penguins 
Human settlement initiated the extinction of penguins 
Several past studies (Boessenkool et al., 2008; Grosser et al., 2015; Rawlence et al., 2015a; 
Grosser et al., 2016; Rawlence et al., 2018) have analysed aDNA sequences from sub-fossil 
bones to investigate the direct impacts of Polynesian arrival on NZ penguin populations. 
Boessenkool et al. (2008) uncovered the now extinct M. antipodes waitaha in the NZ South 
Island, and Rawlence et al. (2018) argued that this subspecies also inhabited the NZ North 
Island. Similarly, Grosser et al. (2016) revealed the local extinction of Eudyptula minor on the 
NZ Otago coastline. Based on radiocarbon dating, the extinction of both Megadyptes antipodes 
waitaha and the Otago population of Eudyptula minor appear to correlate with the period 
immediately following initial human settlement, indicating that human hunting may have 
played a key role. This thesis builds upon those previous studies by examining possible 
extinction and lineage reduction events in Eudyptes and additional Megadyptes taxa. Results 
from this thesis uncovered two extinct penguins from the Chatham Islands, Eudyptes warhami 
and Megadyptes antipodes richdalei. While Eudyptes warhami and Megadyptes antipodes 
richdalei were likely hunted to extinction following human arrival to the Chatham Islands 
(based on associated radiocarbon dates and presence in midden deposits), Travers and Travers 
(1872) apparently held a live Eudyptes penguin from the Chatham Islands in captivity for 
several days. It is possible, however, that this captive penguin was a vagrant of another 
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Eudyptes species. While the persistence of E. warhami to European times is therefore unlikely, 
this possibility cannot yet be rejected. 
Clearly, the widespread extinction of E. warhami, Megadyptes antipodes waitaha, M. a. 
richdalei and the local extinction of Eudyptula minor in the NZ region alone, during the last 
few hundred years, demonstrates the vulnerability of isolated Southern Ocean islands to 
biodiversity loss (see also Cole & Wood, 2017b; Seersholm et al., 2018). While studies based 
on single observations have proposed additional Holocene extinct penguin taxa e.g. Larsen’s 
penguin (Eudyptes sp.) and Commerson’s Penguin (Aptenodytes torquata), Hume (2017) 
strongly suggests that these suggested taxa are invalid (as shown in this thesis for Tasidyptes 
hunteri). 
The Chatham Islands were not re-colonised following extinction events 
Studies of several NZ coastal vertebrate taxa have revealed evidence for  rapid extinction and 
recolonisation events, e.g. lineage turnover in Phocarctos sea-lions (Collins et al., 2014a), 
Megadyptes and Eudyptula penguins on the NZ South Island (Boessenkool et al., 2008; 
Rawlence et al., 2015a; Grosser et al., 2016), yet data from this thesis did not detect any 
prehistoric range-shift in Eudyptes penguins on the NZ mainland or the Chatham Islands. This 
finding is surprising, as the widespread extinction of E. warhami and Megadyptes antipodes 
richdalei on the Chatham Islands would have left niches available for dispersing and founding 
Eudyptes sclateri and Megadyptes antipodes antipodes individuals. Both Eudyptes sclateri and 
Megadyptes antipodes antipodes are commonly observed as vagrants to the Chatham Islands 
and NZ shores (Miskelly et al., 2006; Robertson et al., 2017). 
One possible explanation for the lack of Chatham Islands recolonization may be linked to 
geography. The relatively flat Chatham Islands coastline, which is easy to access, was rapidly 
and substantially modified by early Polynesian and later European settlers (Towns & 
Ballantine, 1993; Tennyson & Millener, 1994; Roberts et al., 2007). Landscape modification 
may have blocked the establishment of dispersing founder individuals to the Chatham Islands. 
Habitat preferences buffered species from extinction 
There is overwhelming evidence demonstrating that the collective impacts of Polynesian and 
European settlement in NZ, such as hunting, habitat modification and the introduction of exotic 
predators, have resulted in widespread and local extinctions (Worthy & Holdaway, 2002), and 
population reductions (Seersholm et al., 2018). While previous studies suggested the possibility 
of range reductions in Eudyptes pachyrhynchus, both for the upper NZ South Island and the 
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lower NZ North Island (Worthy, 1997; Rawlence et al., 2018), results from this thesis did not 
detect any evidence of a range reduction event in the species. 
The extinction of E. warhami, Megadyptes antipodes richdalei, M. a. waitaha and the Otago 
Eudyptula minor lineages occured predominantly on flat, easily accessible landscapes, e.g. 
Chatham Islands and the NZ east coast. However, the habitat preference of Eudyptes 
pachyrhynchus, which breeds in the steep and more difficult to access forests of NZ’s west 
coast, probably helped buffer the species from the impacts of human arrival. 
Recommendations 
Phylogenetics and systematics of modern penguins 
There are several phylogenetic issues that have yet to be conclusively resolved for modern 
penguin lineages. While results from this thesis using mitogenomic data suggests that 
Aptenodytes and Pygoscelis are sister groups, and basal to all other modern penguins, a recent 
study using high-coverage nuclear and mitogenomes by Pan et al. (in press) demonstrates that 
Aptenodytes alone is basal to all other modern penguins, providing intriguing evidence for the 
adaptation and biogeographic patterns of Antarctic-evolved penguin genera (Aptenodytes and 
Pygoscelis). The relationships of some lineages in this thesis also remain weakly supported. 
Specifically, low posterior probabilities were observed for the placement of Eudyptes 
chrysolophus chrysolophus/E. c. schlegeli within the Eudyptes clade, and within Megadyptes. 
While the recent penguin phylogeny by Pan et al. (2019) did not include any extinct penguin 
taxa, it does support the mitogenome topology presented in this thesis (with the exception of 
Aptenodytes/Pygoscelis relationships). Specifically, Pan et al. (2019) demonstrates that 
Eudyptes chrysolophus chrysolophus and E. c. schlegeli are basal and sister to all other 
Eudyptes penguins, despite the weakly supported branch presented in this thesis. 
In addition, the stem penguin Waimanu manneringi could not be used as a calibration point, 
and Phoebastria albatrus could not be used as the outgroup, because the effective priors for the 
crown nodes and the split between Sphenisciformes and Procellariformes became unrealistic 
when they were used. This could be due to a rate slowdown in the large-bodied penguin clade 
(Ksepka & Phillips, 2015) and may be exacerbated by the long branch separating crown 
penguins from Procellariiformes (see Chapter 2). These relationships may be further addressed 
under a future calibrated phylogenetic framework using phylogenomic methods in Zhang, 
(2015), a newly developed full genome dataset of penguins in Pan et al. (in press) and improved 
ways to combine molecular and morphological characters (e.g. Gavryushkina et al., 2017). 
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Similarly, the systematics of some penguin taxa remain unclear, and require further addressing 
under a phylogenetic framework that incorporates whole genomes and morphology. For 
example, it remains unlikely that Eudyptes chrysolophus chrysolophus and E. c. schlegeli 
represent separate species. Similarly, the very localised Eudyptula minor albosignata on NZ’s 
Banks Peninsula is not genetically distinctive and seems unlikely to warrant recognition as 
either a separate species or subspecies. In both cases, the local ‘taxa’ have been based on single 
plumage characters, without any additional convincing corroborating evidence. The 
relationships between the three Megadyptes subspecies also remain unclear. Although size can 
distinguish the three subspecies, phylogenetic analyses often generated low posterior 
probabilities, suggesting that the three clades may have diverged almost simultaneously. While 
other widespread penguins apparently lack comparable phylogeographic differentiation, 
Pygoscelis papua, for example, shows pronounced population differentiation within the Scotia 
Arc. Clucas et al. (2014) and Clucas et al. (2018) suggested these lineages could be recognised 
as distinct subspecies. In the absence of congruent morphological distinctions, however, it may 
be more appropriate to recognise P. papua populations under an Evolutionary Significant Unit 
or Management Unit framework (as was put forward by Rexer-Huber et al., in press for 
Procellaria aequinoctialis). Furthermore, it remains possible that additional population 
differentiation exists among Atlantic (Bouvet), Indian (Prince Edward Islands/Marion Island, 
Crozet, Kerguelen) and Pacific (Macquarie Island) P. papua colonies. Future population and 
systematic assessments based on whole genomes, behaviour and ecology will be critical for 
taxonomy, and will ensure future conservation and management planning of sub-Antarctic and 
Antarctic penguin populations. 
Evolution and biogeography of modern penguins 
Concerted population expansions and biogeographical shifts following climate events 
This thesis examined genome-wide population structure in all but one Eudyptes species (E. 
sclateri), and expanded on past studies of Aptenodytes and Pygoscelis, by inferring population 
expansion events following the LGM. While previous studies have explored population genetic 
structure to some detail within Eudyptula, Megadyptes, Spheniscus and Eudyptes sclateri, no 
study has undertaken a population genomic approach in studying these taxa. Future analyses 
may include SNPs or whole genomes for those understudied taxa. 
Future demographic analyses may also benefit from interrogating SNPs or whole genomes (Pan 
et al., in press) across all penguin taxa, including unsampled northern taxa, such as E. sclateri, 
E. warhami, Megadyptes antipodes antipodes, M. a. waitaha, M. a. richdalei, Eudyptula minor, 
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E. novaehollandiae, Spheniscus demersus, S. magellanicus, S. mendiculus and S. humboldti. 
Such an analysis may test whether the patterns revealed in this thesis are consistent among other 
northerly-distributed taxa across the entire Southern Ocean. 
Predicting future biological responses to climate change 
Results from this thesis suggest that many sub-Antarctic and Antarctic penguin taxa may have 
expanded south from temperate refugia following the LGM, with population sizes expanding 
as global climate warmed. However, penguins are sensitive to climate change, and current 
global warming is resulting in declining populations of some taxa (e.g. Barbraud & 
Weimerskirch, 2001; Forcada et al., 2006). 
Some lineages within a species may be better adapted to warmer environments than others. For 
example, Megadyptes antipodes antipodes probably diverged from M. a. waitaha or M. a. 
richdalei on the cold sub-Antarctic islands, and as this lineage has recently expanded north to 
mainland NZ, it may not be adapted to the warmer NZ climate (Rawlence et al., 2019). 
Similarly, the widespread Eudyptes chrysolophus chrysolophus/E. c. schlegeli, Aptenodytes 
patagonicus and Pygoscelis papua all breed on islands both south and north of the APF. While 
most of these taxa exhibit little or no population differentiation, populations north of the APF 
may be better adapted to warmer environments than those south of the APF. Northern 
populations, therefore, could have greater potential to adapt to future climate change. New 
population-wide data across whole genomes may provide such clues into thermal adaptation. 
Conservation of penguin populations 
Many penguin populations are already declining, or are predicted to decline in the near future 
(Frost et al., 1976; Hays, 1984; Randall & Randall, 1986; Dann, 1991; Cunningham & Moors, 
1994; Dann et al., 2000; Kemper et al., 2001; Forcada et al., 2006; Sander et al., 2007; Le 
Bohec et al., 2008; Cuthbert et al., 2009; Jenouvrier et al., 2009; Robson et al., 2011; 
Trivelpiece et al., 2011; King et al., 2012; Lynch et al., 2012; Sherley et al., 2013; Hiscock & 
Chilvers, 2014; Jenouvrier et al., 2014; Mattern et al., 2017; Mattern & Wilson, 2018; Ropert-
Coudert et al., 2019; Boersma et al., in press). For example, Eudyptes filholi on Campbell Island 
have declined by more than 99.4% between 1942 – 1985 (Cunningham & Moors, 1994), 
Pygoscelis adeliae on Penguin Island have declined by 75% between 1979 – 2004 (Sander et 
al., 2007) and Pygoscelis antarctica on Penguin Island have declined by 66% between 1979 – 
2004 (Sander et al., 2007), while Aptenodytes forsteri are predicted to decline by 19% by 2100 
(Jenouvrier et al., 2014) and Megadyptes antipodes antipodes are predicted to be extinct on the 
NZ mainland by 2043 (Mattern et al., 2017). These losses have been linked to disease, predation 
Chapter 6   241 
by introduced mammals, competition with fisheries and mortality associated with fishery 
bycatch, pollution, declines in key prey species, reductions in sea-ice, warming sea-surface 
temperatures and global climate change (Trivelpiece et al., 2011; Lynch et al., 2012; Mattern 
et al., 2017; Herrah et al., 2019).  
Current conservation actions for many penguin populations on remote Southern Ocean islands 
are limited to occasional population counts (Mattern & Wilson, 2018). However, in addition to 
ongoing monitoring of penguin populations, it is also necessary to understand population 
genetic connectivity and demographic histories (crucial for conservation management 
planning), reduce the impacts of introduced predatory mammals and fisheries, restore 
ecosystems and mitigate climate change (Forcada et al., 2006; Forcada & Trathan, 2009; 
Keogan et al., 2018; Mattern & Wilson, 2018; Heerah et al., 2019). While these threats pose a 
grave risk to most penguin populations, understanding penguin evolution and biogeography, as 
was done in this thesis, provides baseline data that can help guide conservation efforts. 
Conclusions 
This thesis aimed to test whether the classic patterns of island biology observed on local 
archipelagos could be scaled up to the islands in the vast Southern Ocean. Focussing on 
penguins, an order of seabirds that rely on Southern Ocean islands to breed, this thesis examined 
patterns of evolution, biogeography and extinction, across three temporal scales (millions of 
years, thousands of years and hundreds of years). 
The main results from this thesis were (1) the emergence of geologically-young islands in the 
Southern Ocean played a key role in the diversification of island-endemic penguin species, 
including Spheniscus mendiculus, Eudyptes moseleyi, E. chrysolophus schlegeli, E. warhami 
and possibly E. robustus and Megadyptes antipodes richdalei; (2) post-LGM climate warming 
led to rapid recolonisation and reduced genetic diversity across all widespread penguin species 
in the sub-Antarctic and Antarctic region, including Eudyptes filholi, E. chrysolophus 
chrysolophus/E. c. schlegeli, Aptenodytes patagonicus, Pygoscelis papua, P. antarctica and P. 
adeliae while the ice-adapted A. forsteri began expanding slightly earlier, during the LGM; (3) 
recent Polynesian arrival to NZ and the Chatham Islands led to the local and widespread 
extinction of penguins, including the extinction of two newly described taxa, the large Eudyptes 
warhami and the dwarf Megadyptes antipodes richdalei, along with M. a. waitaha and a local 
population of Eudyptula minor; and (4) geography of Southern Ocean islands, combined with 
unique habitat preferences buffered some penguin species from local extinction following 
climate and anthropogenic change, including Eudyptes chrysocome and E. pachyrhynchus. 
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Results from this thesis suggest that classic processes underpinning island biogeography and 
evolution in archipelagos worldwide, such as island emergence (Chapter 2) and founder 
speciation (Chapter 2, Chapter 3) have played important roles in diversification of isolated 
Southern Ocean biota. Results also demonstrate that Southern Ocean island biota are 
particularly sensitive to both climate change and anthropogenic impacts, which together have 
led to widespread extinctions (Chapter 2, Chapter 4), refugia (Chapter 3, Chapter 4) and range 
expansions (Chapter 3). Taken together, this thesis provides the broad genomic evidence for 
rapid evolutionary and biogeographic shifts in the iconic penguin fauna of the vast Southern 
Ocean. 
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